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1.	Introduction	49	 	50	 One	of	the	main	obstacles	towards	gaining	a	deeper	understanding	of	parasitism,	51	 the	evolution	thereof	and	the	specific	parasites	themselves,	is	a	lack	of	well-52	 studied	closely	related	free-living	species.	The	widely	studied	model	nematode	53	
Caenorhabditis	elegans	(C.	elegans),	whilst	a	highly	tractable	model	organism	54	 with	an	extensive	basis	of	knowledge,	is	too	far	evolutionarily	removed	from	55	 many	parasitic	species	of	interest	[1,	2].		C.	elegans	itself	also	appears	to	be	a	56	 non-representative	example	of	its	genus,	given	that	there	are	substantial	57	 differences	in	genome	size	and	genome	number	within	the	Caenorhabditis	genus	58	 [2].		This	limits	the	possible	gain	of	knowledge	about	parasites	by	comparing	59	 them	to	C.	elegans.		60	 	61	 For	the	clade	IV	nematodes	[1],	which	contain	the	highly	important	62	
Strongyloididae	parasites,	the	evolutionary	distance	between	themselves	and	C.	63	
elegans	make	even	basic	comparisons	difficult.		For	instance,	it	is	known	that	C.	64	
elegans	and	Strongyloididae	produce	different	small	RNAs	[3]	and	have	had	65	 different	gene	families	expand	[4].		The	necessity	of	having	more	closely	related	66	 free-living	nematodes	to	parasites	of	interest	is	particularly	stark	given	that	67	 phylogenetic	analysis	indicates	that	parasitism	has	arisen	at	least	200	times	68	 across	15	phyla	[5],	to	which	nematodes	are	no	exception.		In	the	phylum	69	 nematoda	itself,	the	five	major	clades	[1]	all	of	which	contain	parasites,	have	70	 seen	parasitism	evolve	on	upto	18	separate	occasions	[2].		A	recent	review	[2]	71	 posited	several	hypothesis	to	explain	why	nematodes	have	so	easily	and	72	
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frequently	made	the	jump	to	parasitism	.	Without	closely	related	free-living	73	 model	organisms,	we	will	never	be	able	to	answer	fundamental	questions	in	74	 parasites	such	as	the	very	genetic	nature	of	parasitism,	and	in	particular	the	75	 dauer	hypothesis.			76	 	77	 The	dauer	hypothesis	assumes	based	upon	similarities	in	morphology,	78	 physiology,	genetic	control,	behaviour	and	role,	that	dauers	serve	as	a	pre-79	 adaptation	to	parasitism	[6].		Dauers	themselves	are	a	long	lived	life	stage	found	80	 in	some	nematodes	[7].			In	C.	elegans,	these	arrested	larvae	are	produced	after	81	 the	second	molt	in	response	to	harsh	environmental	conditions	(overcrowding,	82	 lack	of	food,	unsuitable	temperature),	allowing	the	population	to	survive	[8].	83	 Once	the	environment	has	normalised,	they	are	able	to	exit	the	dauer	stage	and	84	 recover	[7].		Dauer	formation	in	C.	elegans	is	governed	by	four	signaling	85	 pathways:	cyclic	GMP	(cGMP),	TGF-ß,	Insulin	signaling	and	the	steroid	hormone	86	 signaling	pathway	[6,	9].		Of	these,	the	steroid	hormone	signaling	pathway	is	the	87	 most	downstream,	and	directly	regulates	dauer	formation	and	recovery	through	88	
daf-12	[6,	10-12].		For	a	detailed	overview	of	dauers	and	the	genetic	pathways	89	 involved	in	their	development	within	C.	elegans,	we	encourage	the	readers	to	90	 consult	[6-8].		By	comparison,	parasitic	nematodes	such	as	the	Strongyloididae	91	 make	infective	larvae	as	part	of	their	life	cycle	(a	comparison	between	the	C.	92	
elegans	and	Strongyloididae	life	cycles	can	be	found	in	figure	1).		Infective	larvae	93	 of	Strongyloididae	have	long	been	considered	to	be	homologous	to	dauer	larvae	94	 based	upon	morphology	and	their	long	survival	time	compared	to	the	more	95	 rhabditid	stages	of	their	life	cycle	[13].		Like	dauers	they	are	third	stage	larvae,	96	 contain	a	buccal	plug,	have	a	radially	restricted	body	plan	and	have	a	minimally	97	
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developed	gonad	[8].		They	also	exhibit	similar	behaviours	such	as	nictation	and	98	 the	cessation	of	pharyngeal	pumping	[8,	14].		However,	it	is	currently	unclear	99	 whether	dauers	and	infective	larvae	are	truly	homologous	or	not.		It	is	known	100	 that	their	formation	can	be	altered	through	the	steroid	hormone	signaling	101	 pathway	of	daf-12.	Suppression	of	daf-12	function	by	mutation,	RNAi	or	the	102	 supplementation	of	dafachronic	acid	(the	natural	ligand	of	DAF-12	in	C.	elegans)	103	 results	in	a	loss	of	dauer	development	in	C.	elegans	and	P.	pacificus	and	to	104	 redirection	of	infective	larvae	development	to	the	formation	of	free-living	stages	105	 in	both	generations	of	various	species	of	Strongyloides		[10,	11,	15-19].	This	106	 suggests	that	a	conserved	endocrine	regulatory	module	around	DAF-12	controls	107	 dauer	formation	in	C.	elegans	and	L3i	formation	in	Strongyloididae,	which	might	108	 be	indicative	for	a	common	evolutionary	origin.	Recent	studies	have	also	begun	109	 to	identify	genes	present	in	parasitic	species	that	are	involved	in	the	formation	of	110	 infective	larvae	[20].		However,	similar	genetic	and	genomic	analysis	also	reveal	111	 that	other	genes	involved	in	the	controlling	the	development	of	dauer	larvae	are	112	 not	present	within	parasitic	nematodes	[21],	and	that	genes	conserved	between	113	 free-living	and	parasitic	species	can	even	have	different	functions	[9,	22].	114	 Complicating	this	further,	studies	involving	isolating	and	disrupting	genes	in	115	 parasites	have	been	slow	due	to	the	lack	of	and	success	of	available	tools,	116	 although	this	has	recently	started	to	change	[15,	23].		A	recent	review	paper	[2]	117	 also	suggested	a	synthetic	biology	approach	towards	understanding	parasitism	118	 by	converting	a	free-living	nematode	into	a	parasitic	nematode,	instead	of	119	 disrupting	genes	of	interest	within	a	parasitic	nematode	due	to	the	likely	120	 macroevolutionary	problems	and	high	probability	of	inducing	a	lethal	121	 phenotype.	122	
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[30],	vulva	development	[31],	intestinal	lamellae	[32]	and	gonad	structure	[33]	148	 and	the	availability	of	fairly	high-quality	genome	assembly	[4].		However	there	149	 remains	a	complete	absence	of	knowledge	about	its	basic	biology.	There	exists	150	 no	formal	species	description	and	no	species	name.	In	order	to	provide	some	151	 much	needed	information	about	this	free-living	relative	of	parasites,	we	set	152	 about	to	characterize	various	aspects	of	the	Rhabditophanes	KR.	3021	biology	153	 with	special	emphasis	on	the	life	cycle,	in	particular	dauer	formation.		We	found	154	 that	this	species	under	starvation	conditions,	produces	a	low	level	of	dauer	155	 larvae.,We	found	that	these	dauers	represent	an	equivalent	life	cycle	stage	to	156	 those	found	in	C.	elegans,	can	be	easily	recovered	with	the	addition	of	food,	and	157	 that	this	dauer	stage	is	far	longer	living	than	the	other	stages	of	the	life	cycle.	To	158	 our	knowledge,	this	is	the	first	case	of	a	free-living	clade	IV	species,	which	can	be	159	 induced	to	enter	and	exit	a	dauer	stage	in	a	laboratory	setting.	We	also	noted	that	160	
Rhabditophanes	produces	a	far	larger	amount	of	arrested	J2	larvae	(J2A).		These	161	 larvae	are	not	dauers,	nor	can	they	develop	to	dauers.		However,	while	they	162	 survive	starvation	for	longer	than	regular	J2s,	they	do	not	survive	as	long	as	163	 dauers.		This	indicates	that	they	provide	a	short	term	survival	strategy	for	the	164	 species	compared	to	the	long	term	survival	strategy	of	making	dauers.		We	also	165	 found	that	Rhabditophanes	changes	its	reproductive	output	in	response	to	166	 crowding	and	sensing	its	own	offspring.		Finally,	we	identify	the	homologs	of	167	 known	C.	elegans	dauer	genes	in	Rhabditophanes	and	show	that	the	daf-12	168	 pathway	is	highly	conserved	in	this	species	as	was	previously	thought.		Together	169	 with	the	data	shown,	we	also	provide	a	morphological	description	for	the	adult,	170	 dauer	and	arrested	larval	stages	of	Rhabditophanes	(as	this	was	previously	171	 lacking).		Based	upon	the	data	shown	in	this	paper	and	the	importance	of	the	172	
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species	overall,	we	suggest	renaming	the	species	from	Rhabditophanes	KR.	3021	173	 to	Rhabditophanes	diutinus	reflecting	its	longevity	and	multiple	strategies	to	174	 increase	survival,	as	well	as	the	long	time	from	its	isolation	to	naming.	By	175	 providing	increased	knowledge	of	a	free-living	species	that	is	far	more	closely	176	 related	to	parasites	of	interest	than	standard	model	nematodes,	we	believe	that	177	 several	outstanding	questions	about	parasitism	can	be	addressed,	such	as	what	178	 the	genetic	and	genomic	changes	underlying	the	transition	from	free-living	to	179	 parasitic	species	are,	and	what	the	role	of	dauer	arrest	is	in	the	evolution	of	180	 parasitism	[2].			181	 	182	
2.	Results		183	
2.1		Life	Cycle	of	Rhabditophanes	diutinus.	184	 Previous	descriptions	of	R.	diutinus.(KR3021)	state	it	has	a	simple	free	living	185	 cycle	consisting	of	four	larval	molts	from	embryos	through	to	adults	with	186	 reproduction	occurring	by	meiotic	parthenogenesis	[4](Figure	3A).	For	other	187	 species	of	Rhabditophanes,	but	not	for	R.	diutinus,	the	existence	of	dauer	larvae	188	 associated	with	arthropods	had	been	described,	solely	based	on	morphology	[28,	189	 29].	When	examining	overgrown	R.	diutinus	plates,	we	saw	worms	of	two	190	 previously	undescribed	stages:	a	dauer-like	larvae	(Figure	3B)	and	a	small	191	 arrested	stage	larvae	(Figure	3C).		If	the	hypothesis	is	true	that	Rhabditophanes	192	 spp.	is	secondarily	free-living	[25]	and	derived	from	a	parasite	originally	arisen	193	 by	the	transition	of	the	dauer	larva	to	an	infective	larva	(dauer	hypothesis),	one	194	 would	expect	that	Rhabditophanes	spp.	has	lost	its	original	dauer	stage.	From	this	195	 one	could	speculate	that	if	a	functional	dauer	stage	exists,	then	this	has	been	196	 newly	gained	after	the	reversal	to	non-parasitic	life	style.	In	order	to	determine	if	197	
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R.	diutinus	does	indeed	form	dauers	that	are	the	homologous	stages	of	dauer	198	 larvae	of	clade	V	nematodes,	we	further	investigated	the	two	starvation	induced	199	 stages.	200	 First,	we	treated	mixed	overgrown	cultures	with	SDS	[14].	In	C.	elegans,	dauer	201	 larvae	are	the	only	developmental	stages	outside	of	the	egg	shell	that	survive	this	202	 treatment.	Resistance	to	SDS	is	due	to	both	a	thickened	cuticle	and	buccal	plug,	203	 which	insulate	the	dauers	from	their	environment	[14,	34].	In	R.	diutinus	only	the	204	 dauer-like	larvae	were	able	to	survive	the	treatment	and	could	be	recovered	on	205	 an	NGM	plate	(although	it	should	be	noted	that	they	took	substantially	longer	to	206	 recover	than	P.	pacificus	or	C.	elegans	dauers,	see	below).		To	determine	whether	207	 these	dauer-like	larvae	were	morphologically	similar	to	C.	elegans	dauer	larvae,	208	 larvae	were	examined	under	DIC	microscopy	for	a	buccal	plug.		As	seen	in	figure	209	 3D,	these	larvae	contain	a	3	part	buccal	plug	consisting	of	a	plug	in	the	mouth,	a	210	 further	larger	plug	located	approximately	one	third	of	the	way	down	in	the	211	 intestinal	lumen(Fig	3E),	and	a	final	series	of	plugs	located	throughout	the	212	 posterior	part	the	lumen,	indicating	that	like	their	C.	elegans	counterparts,	they	213	 do	not	feed.	214	 The	arrested	small	stage	larvae	(hereon	referred	to	J2A)	could	not	survive	SDS	215	 treatment.		Microscope	examination	revealed	they	lack	a	buccal	plug	or	any	other	216	 distinguishing	features	of	dauer	larvae	and	that	they	are	most	similar	to	J2	larvae	217	 (Figure	3F).		However,	they	are	capable	of	surviving	far	longer	than	any	normal	218	 J2	larvae	(see	below)	and	only	occur	when	a	plate	is	starved	and	has	run	out	of	219	 food	sources.		To	determine	if	they	were	an	earlier	developmental	stage	for	220	 dauer	larvae,	J2A	larvae	were	transferred	onto	either	bacteria	free	NGM	plates	or	221	
E.	coli	OP50	supplemented	NGM	plates	to	determine	if	they	would	develop	into	222	
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dauer	larvae	or	what	stage	they	would	recover	at.		No	J2A	developed	into	dauer	223	 larvae	suggesting	they	are	an	alternative	to	and	not	a	part	of	the	dauer	formation	224	 pathway.		When	recovered	with	food,	the	J2A	larvae	developed	into	225	 morphologically	normal	looking	J3	larvae	further	suggesting	that	this	is	a	226	 independent	survival	pathway	from	dauer	larvae.	This	suggests	that	R.	diutinus	227	 contains	multiple	strategies	for	survival	when	under	environmental	stress.		228	 	229	
2.2	Dauer	and	J2A	Recovery	230	 As	J2A	and	dauer	larvae	appear	to	represent	different	survival	strategies	for	R.	231	
diutinus	larvae,	we	firstly	wanted	to	determine	at	what	exact	stage	the	different	232	 larvae	are	formed.		As	it	was	impossible	to	mount	and	track	L1	larvae	for	long	233	 enough	to	allow	them	to	undergo	differentiation,	we	instead	recovered	dauer	234	 and	J2A	larvae	on	NGM	plates	supplemented	with	Op50	and	observed	their	235	 recovery	to	adults.		As	seen	in	figure	4,	dauer	larvae	undergo	two	molts	from	236	 dauers	into	J4	and	J4	into	adults	showing	that	dauers	are	third	stage	larvae,	as	in	237	
C.	elegans	[7].		Interestingly,	it	takes	nearly	2	hours	for	the	buccal	plug	to	238	 disappear	and	a	further	4	hours	for	the	intestinal	plugs	to	be	removed,	perhaps	239	 explaining	why	the	recovery	following	SDS	treatment	took	longer	than	in	P.	240	
pacificus	or	C.	elegans.		By	contrast,	the	J2A	larvae	required	3	molts	to	become	241	 adults,	which	took	nearly	24	hours	longer	than	in	dauers.		This,	in	addition	to	the	242	 fact	that	J2A	can	not	form	dauers	confirms	that	they	represent	different	survival	243	 strategies.		An	updated	version	of	the	life	cycle	of	R.	diutinus	can	be	seen	in	figure	244	 3G.	245	 	246	
2.3	Identification	of	orthologs	of	known	dauer	genes	in	R.	diutinus	247	
	 62	
To	determine	if	genes	known	to	be	involved	in	the	development	of	dauer	larvae	248	 of	C.	elegans	are	present	within	R.	diutinus,	all	genes	listed	in	[6,	20]	were	249	 searched	for	in	the	R.	diutinus	published	genome	[4].		As	seen	in	table	1,	only	for	250	 64	out	of	the	102	C.	elegans	genes,	clear	orthologs	are	present	in	R.	diutinus.	Of	251	 the	genes	present,	about	half	are	1	to	1	orthologs.	Interestingly,	we	noticed	a	252	 striking	difference	in	conservation	between	different	signaling	pathways	253	 involved	in	dauer	formation	in	C.	elegans.	The	vast	majority	of	these	missing	254	 genes	are	from	the	insulin-signaling	pathway,	in	particular	insulin	ligands.	By	255	 contrast	in	the	TGF-ß	pathway,	12	out	of	the	13	C.	elegans	genes	have	orthologs	256	 in	R.	sp.	KR3021,	9	of	which	are	1	to	1	orthologs.	This	itself	is	also	in	complete	257	 contrast	to	the	cGMP	pathway,	where	despite	10	of	the	12	genes	being	present	258	 within	R.	diutinus,	only	3	are	1	to	1	orthologs.		When	compared	to	the	closely	259	 related	Strongyloides	species,	Strongyloides	ratti	(S.	ratti)	and	Strongyloides	260	
papillosus	(S.	papillosus),	we	see	that	all	species	have	similar	genes	present	261	 within	their	genomes	(Figure	5).		As	seen	in	Figure	7,	51	genes	are	conserved	262	 between	all	three	species,	with	R.	diutinus	having	more	genes	present	(64)	than	263	 either	S.	ratti	(52)	or	S.	papillosus	(55).	However	most	of	these	extra	genes	264	 present	in	R.	diutinus	come	from	the	Insulin	signaling	pathway	which	is	even	less	265	 conserved	within	Strongyloides.		An	illustration	showing	the	conservation	of	266	 dauer	genes	between	C.	elegans	and	the	Strongyloididae	and	their	role	in	C.	267	



















diutinus	cGMP	 12	 3	 5	 0	 2	 2	 10	TGF-ß	 13	 9	 0	 0	 3	 1	 12	Insulin	 63	 16	 2	 9	 3	 33	 30	Steroid	Hormone	 14	 5	 5	 2	 0	 2	 12	
Total	 102	 33	 12	 11	 8	 38	 64		274	 Genes	are	grouped	according	to	the	pathway	in	which	they	belong,	and	whether	275	 they	are	1	to	1,	1	to	Many,	Many	to	1	or	Many	to	Many	orthologs	compared	to	C.	276	
elegans			277	 	278	
2.4	Dafachronic	acid	prevents	dauer	formation	but	does	not	prevent	J2A	279	
formation	280	 To	test	whether	the	daf-12	pathway	is	conserved	within	R.	diutinus,	larvae	were	281	 treated	with	dafachronic	acid	(DA)	or	ethanol	as	a	negative	control	and	their	282	 developmental	stage	monitored	10	days	later	as	in	[10].		No	dauer	larvae	were	283	 seen	when	plates	were	supplemented	with	DA	indicating	that	dauer	284	 development	has	been	prevented	by	the	DA	(table	2).	However,	there	was	no	285	 difference	in	the	formation	of	J2A	larvae	(95.92%	in	the	negative	control	286	 compared	to	94.35-94.48%	when	treated	with	DA)	indicating	that	their	287	 development	is	regulated	by	a	different	pathway	(table	2).	288	 	289	 	290	
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Table	2	–	Dafachronic	acid	treatment	prevents	the	formation	of	Dauer	but	not	291	 J2A	larvae.	292	 	 Treatment	
Worm	Stage	(%)	 Ethanol	 10μM	Δ7	DA	 100μM	Δ7	DA	Dauers	 2.60	 0.0		(**)	 0.0	(**)	J2A	 95.92	 94.35	 94.48		293	 Young	larvae	were	transferred	on	new	plates	supplemented	with	either	Δ7	294	 dafachronic	acid	or	ethanol	(solvent)	and	incubated	for	14	days	following	which	295	 the	amount	of	dauer	and	arrested	J2	larvae	were	counted.	On	each	plate,	200	296	 larvae	were	chosen	at	random	and	staged.		On	plates	were	no	dauer	larvae	could	297	 be	counted	within	the	200,	the	whole	plate	was	examined	to	determine	if	it	truly	298	 was	free	from	dauer	larvae	or	not.		For	each	treatment,	5	plates	were	used,	and	299	 the	experiment	was	repeated	three	times.	Data	shown	here	is	a	mean	of	all	300	 samples.		An	ANOVA	was	carried	out	to	determine	statistical	significance	301	 between	the	different	treatments	(p	=	0.003	for	both	302	 	303	 Taken	together	the	results	presented	so	far,	we	conclude	that	R.	diutinus	forms	304	 dauer	larvae	which	most	likely	are	homologous	to	dauer	larvae	of	C.	elegans	and	305	 to	L3i’s	of	Strongyloides	spp.	306	 	307	
2.5	Dauer	and	J2A	Survival	308	 To	determine	how	long	both	sets	of	larvae	could	survive,	dauers	and	J2A	were	309	 transferred	separately	onto	bacteria-free	NGM	plates	and	observed	daily	for	upto	310	 3	weeks.		As	a	control,	normal	J2/J3	larvae	were	also	included.		As	seen	in	figure	311	 7,	J2/J3	larvae	had	the	shortest	lifespan	(average	of	3.99	days)	with	all	the	larvae	312	 dead	after	12	days.		Interestingly,	the	transfer	of	these	larvae	into	a	foodless	313	
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environment	resulted	in	them	stopping	their	development.		The	J2A	larvae	were	314	 able	to	survive	significantly	longer	than	the	J2	larvae	(p-value	0.017)	with	an	315	 average	lifespan	of	5.45	days,	but	all	had	died	after	14	days.		As	expected,	the	316	 dauer	larvae	had	a	significantly	longer	lifespan	than	both	the	J2	(p-value	317	 <0.0001)	and	J2A	larvae	(p-value	<0.0001)	with	an	average	survival	of	9.91	days	318	 for	those	that	perished	over	the	course	of	the	experiment,	and	24%	were	still	319	 alive	at	the	end	of	the	3	weeks.		It	is	currently	unknown	how	long	these	dauer	320	 larvae	may	be	able	to	last	for	but	they	have	been	seen	in	plates	for	upto	3	321	 months.	322	 This	data	suggests	that	dauer	larvae	provide	a	long	term	survival	strategy	for	R.	323	
diutinus	whereas	the	J2A	larvae	provide	a	much	shorter	survival	strategy.	324	 	325	
2.6	Transgenerational	effects	of	being	dauers	326	 Next	we	asked	if	the	progeny	of	individual	who	underwent	dauer	development	327	 are	more	likely	to	form	dauers	themselves.	Such	an	effect	could	either	be	caused	328	 by	genetic	differences	within	the	population	predisposing	some	genotypes	for	329	 dauer	development,	or	it	could	be	due	to	an	epigenetically	encoded	330	 transgenerational	effect.	To	this	end,	J2A	and	J2/J3	were	transferred	in	groups	331	 onto	NGM	plates	supplemented	with	Op50	and	incubated	at	15°C.		After	2	days	of	332	 producing	offspring,	the	initial	worms	were	removed	from	the	plates	and	the	333	 total	number	of	offspring	produced	counted.		As	seen	in	Table	3,	there	was	no	334	 difference	in	the	number	of	offspring	produced	between	J2/J3s	and	recovered	335	 dauers	and	J2A	(78.5	for	J2/J3,	73.9	for	dauer	and	73.8	for	J2A).		After	further	336	 incubation	for	2	weeks,	the	percentage	of	dauer	larvae	present	on	each	plate	was	337	 then	counted.	There	was	no	difference	in	dauer	production	between	J2/J3s	338	
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incubation	(%)	J2/J3	 78.5	±	7.25	 2.95	±	0.35	Dauer	 73.9	±	5.30	 2.89	±	0.52	J2A	 73.8	±	4.80	 2.92	±	0.45		347	 There	is	no	difference	in	production	of	offspring	or	dauer	formation	between	any	348	 of	the	starting	populations.		For	each	starting	population,	10	plates	were	picked	349	 and	the	experiment	was	repeated	three	times.		Data	shown	here	is	a	mean	of	all	350	 samples	plus	the	standard	deviation.	A	students	t	test	and	Mann	Whitney	U	were	351	 carried	out	to	determine	statistical	significance	between	the	different	352	 treatments,	none	was	found.			353	 	354	
2.7	Fecundity	strategies	355	 While	there	was	no	difference	in	fecundity	between	adults	and	recovered	either	356	 J2A	or	dauer	larvae,	it	was	noticed	that	there	a	substantial	difference	in	fecundity	357	 based	upon	how	many	larvae	were	initially	plated.		To	confirm	this,	J3	were	358	 transferred	onto	fresh	NGM	plates	with	E.	coli	OP50	either	singly	or	in	groups	of	359	 5	or	10.		They	were	then	allowed	to	develop	for	2	days	until	they	started	laying	360	
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Rhabditophanes	diutinus	produces	a	very	low	amount	of	dauers	in	response	to	385	 starvation.		It	also	produces	arrested	J2	larvae	that	are	not	as	long	lived	as	dauers	386	 and	are	unable	to	become	dauers,	representing	a	second	strategy	for	the	long	387	 term	survival	of	the	species	in	response	to	stress.		To	our	knowlege,	this	study	388	 provides	the	first	example	of	a	fully	free-living	Clade	IV	nematode	that	can	be	389	 induced	to	enter	and	exit	a	dauer	stage	under	laboratory	conditions.		The	390	 importance	of	this	in	the	context	of	the	dauer	hypothesis	cannot	be	understated.		391	 The	lack	of	closely	related	free-living	nematodes	to	parasites	of	interest,	is	392	 continuing	to	stymie	the	understanding	of	the	very	nature	of	parasitism,	in	393	 addition	to	parasite	development	and	evolution	[2,	9,	35].		Only	through	the	394	 study	of	nematodes	like	Rhabditophanes	can	this	gap	in	knowledge	begin	to	be	395	 filled.			It	is	unclear	as	to	why	dauers	in	this	species	have	not	been	previously	396	 reported,	particularly	seeing	as	dauers	were	originally	reported	for	this	genus	397	 over	80	years	ago	[28].			398	 	399	
3.2	Rhabditophanes	diutinus	has	multiple	survival	strategies	400	 The	production	of	dauers	is	rare	enough	within	Clade	IV	to	warrant	further	401	 investigation	of	this	species,	let	alone	the	existence	of	a	second	separate	survival	402	 strategy	to	environmental	stress.		Rhabditophanes	diutinus	appears	to	have	two	403	 different	strategies	to	allow	it	to	survive	environmental	stress	such	as	lack	of	404	 food.		While	it	is	not	uncommon	for	a	nematode	to	have	different	survival	405	 strategies,	it	is	unexpected	for	the	nematode	to	appear	to	favour	the	J2A	pathway	406	 over	the	dauer	pathway	(as	based	upon	percentage	of	J2A	over	dauers).		407	 Logically,	we	would	expect	the	dauer	pathway	to	be	favoured	given	its	superior	408	 ability	to	survive	environmental	stresses	[7].		The	reasons	behind	this	apparent	409	
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prioritization	need	further	investigation.	One	possibility	may	be	that	worms	410	 need	to	feed	in	order	to	reach	the	dauer	stage,	whereas	they	might	be	able	to	411	 reach	the	J2A	stage	based	upon	digestion	of	their	yolk	alone.		We	also	need	to	412	 subject	the	worm	to	further	stresses	(i.e.	temperature,	salinity,	osmolarity,	413	 oxygen	concentration)	in	order	to	see	if	this	ratio	of	dauers	to	J2A	changes	in	414	 response	to	different	environmental	stresses.	415	 	416	
3.3	Conservation	of	dauer	genes	in	Rhabditophanes	and	Strongyloides	417	
provides	insight	into	the	dauer	hypothesis	418	 While	genes	can	have	alternate	functions	between	different	nematode	species	419	 [22],	daf-12	and	other	genes	involved	in	the	steroid	hormone	pathway	appear	420	 highly	conserved	in	their	function	[10,	15,	17,	36].	The	high	conservation	of	421	 certain	genes	and	pathways	is	particularly	promising	for	the	dauer	hypothesis	as	422	 it	suggests	a	shared	origin,	whilst	missing	genes	between	the	species	could	423	 potentially	be	crucial	in	the	difference	between	dauer	and	infective	larvae.		One	424	 could	speculate	that	perhaps	loss	of	genes	in	the	insulin	signaling	pathway	may	425	 be	a	fundamental	difference	between	infective	larvae	and	dauers	or	that	the	426	 Insulin	signaling	pathway	might	be	involved	in	the	formation	of	J2As.		427	 Interestingly,	the	steroid	hormone	pathway	is	conserved	completely	between	the	428	 three	species,	so	J2A	formation	may	be	more	linked	to	either	the	Insulin	signaling	429	 or	an	as	yet	unknown	pathway.		430	 	431	 The	conservation	of	the	genetic	repertoire	and	the	functional	conservation	of	the	432	 DA	-	DAF-12	endocrine	module	provide	strong	support	for	the	dauer	hypothesis	433	 for	the	evolution	of	parasitism	in	the	phylogenetic	branch	the	led	to	434	
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Strongyloides	spp.	Although	we	cannot	exclude	a	perfect	reversal,	our	data	make	435	 it	unlikely	that	Rhabtitophanes	is	secondarily	free-living.	If	it	were	true	that	R.	436	




Rhabditophanes	KR.	3021	was	originally	isolated	by	Ann	M.	Rose	near	Vancouver,	459	 British	Columbia	[31].		The	strain	was	sent	to	our	lab	by	Dee	Denver	(Oregon	460	 State	University)	in	July	2014.	It	has	been	since	maintained	in	the	lab	at	15°C	on	461	 NGM	plates	supplemented	with	Op50	bacteria	as	a	food	source	or	as	frozen	stock	462	 (frozen	according	to	[37]).		This	strain	is	the	same	as	that	in	the	recent	463	
Strongyloididae	genome	paper	[4].			464	 	465	
4.2	Staging	of	worms	and	determination	of	dauer	molts	466	 Worms	were	picked	manually	from	mixed	stage	culture	plates	into	5μl	of	water	467	 on	a	4%	agarose	slide	and	visualized	under	a	microscope	using	DIC	optics	[38].		468	 For	the	dauer	staging,	dauers	were	isolated	from	2	week	old	plates	that	had	been	469	 starved	of	food	for	at	least	a	week	and	then	visualized	directly	using	DIC	470	 microscopy	on	an	Zeiss	Imager	M2	microscope	with	a	Zeiss	Axiocam	506	mono	471	 camera.		To	determine	the	dauer	recovery	and	number	of	molts,	dauers	were	472	 picked	from	the	same	plates	onto	fresh	NGM	plates	supplemented	with	Op50	in	473	 batches	of	5	and	then	incubated	at	15°C.		A	plate	was	removed	every	2	hours	474	 (upto	44	hours)	and	the	worms	on	the	plate	were	examined	under	40x	DIC	475	 microscopy	to	determine	stage	and	changes	in	development	between	time	476	 points.		High	magnification	images	of	the	different	stages	was	taken	using	a	Zeiss	477	 Image	Z1	with	a	Zeiss	Axiocam	506	mono	camera.	478	 	479	
4.3	SDS	Treatment	of	dauers	and	other	stages	480	 Old	(minimum	2	weeks)	plates	that	had	run	out	of	food	supply	and	contained	481	 dauers,	J2	arrest	and	a	small	number	of	long-living	adults	were	washed	off	into	482	 SDS	solution	and	incubated	gently	shaking	for	20	mins.		Following	this,	the	483	
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worms	were	washed	multiple	times	with	water	and	then	recovered	on	NGM	484	 plates	with	Op50	at	15°C.		1	hour	later,	plates	were	examined	for	surviving	485	 larvae	and	their	developmental	stage	was	scored.	486	 	487	
4.4	Dauer	survival	determination	488	 Dauers,	arrested	J2s	and	J2/J3s	were	picked	in	groups	of	5	onto	NGM	plates	489	 without	any	bacteria	and	incubated	for	15	days	at	15°C.		The	plates	were	checked	490	 daily	and	the	number	of	surviving	worms	counted.		Plates	were	picked	in	batches	491	 of	6	per	life	stage	and	the	experiment	was	repeated	three	times.			492	 	493	
4.5	Test	for	transgenerational	effects	from	dauers	494	 To	examine	for	any	transgenerational	effects,	dauers,	J2A	and	J2/J3s	were	picked	495	 onto	fresh	NGM	plates	with	a	lawn	of	Op50	and	incubated	at	15°C	for	upto	15	496	 days.		Plates	were	checked	daily	until	they	began	producing	offspring.		From	this	497	 day,	the	original	worms	were	allowed	to	lay	embryos	for	a	further	2	days	at	498	 which	point	they	were	removed.		Plates	were	checked	daily	to	count	the	number	499	 of	offspring	produced.		Once	the	worms	had	been	removed,	the	plates	were	then	500	 incubated	at	15°C	for	10	days	after	which	the	amount	of	dauers	and	J2A	were	501	 counted	on	every	plate.		Worms	were	picked	onto	plates	originally	in	groups	of	502	 10,	with	5	plates	per	life	stage.		This	experiment	was	repeated	three	times.		503	 	504	
4.6	Fecundity	determination	505	 To	examine	fecundity	changes,	J3	worms	were	picked	either	singularly,	in	506	 batches	of	5	or	10	onto	fresh	NGM	plates	with	a	lawn	of	Op50	and	incubated	for	507	 48	hours	at	15°C	to	allow	development	to	adults.		Following	this,	plates	were	508	
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examined	and	total	number	of	offspring	(laid	eggs	and	hatched	larvae)	were	509	 counted	along	with	the	number	of	adult	worms	still	alive	on	the	plate.		For	plates	510	 with	multiple	original	larvae,	the	adults	were	left	on	the	plate	overnight	before	511	 counting	the	offspring	again.		For	plates	with	single	worms,	the	adults	were	512	 either	left	on	the	plate	or	transferred	to	a	fresh	plate	and	incubated	again	513	 overnight	before	counting	the	offspring.		This	was	repeated	once	more	so	that	3	514	 days	of	offspring	production	were	counted	(total	of	120h	from	the	original	515	 picking	of	the	J3s).		10	plates	were	picked	per	treatment,	with	this	experiment	516	 being	repeated	three	times.			517	 	518	
4.7	Bioinformatics	analysis	of	dauer	pathway	in	R.	diurinus	and	S.	ratti	and	519	
S.	papillosus	520	 All	genes	known	to	be	involved	in	the	formation	of	dauer	larvae	in	C.	elegans	[6,	521	 20]	were	searched	for	using	the	method	described	in	[15,	39].		Briefly,	genes	522	 were	searched	for	in	the	Rhabditophanes	KR3021	(PRJEB1297),	S.	ratti	523	 (PRJEB125)	or	S.	papillosus	(PRJEB525)	genome	by	BLASTp	using	WormBase	524	 Parasite	(WBPS14	(WS271)	parasite.wormbase.org).		All	proteins	that	returned	a	525	 blast	score	greater	than	E-5	were	carried	forward	and	their	domains	determined	526	 using	InterProScan.		Only	those	which	contained	the	same	domains	as	the	C.	527	




E.	coli	OP50	was	grown	overnight	in	LB	medium	and	then	centrifuged	and	535	 resuspended	in	1/5th	volume	of	0.9%	NaCl.		90μl	of	resuspended	bacteria	and	536	 either	10μl	of	10	or	100μM	Δ7	dafachronic	acid	or	ethanol	were	combined	and	537	 spotted	on	an	NGM	plate.		L3	worms	were	added	to	the	plate	and	incubated	for	538	 14	days	at	15°C	after	which	the	plates	were	examined	and	all	worms	staged.			539	 	540	
4.10	Statistical	analysis	and	figure	generation	541	 Appropriate	statistical	analysis	was	carried	out	using	Excel,	with	statistical	542	 significance	determined	as	being	reached	once	the	p-value	was	below	0.05.		The	543	 exact	statistical	test	used	is	noted	in	the	figure	or	table	legends.		Microscopy	544	 images	were	resized	in	Photoshop	and	then	annotated	in	Illustrator.		Figures	545	 were	generated	in	Excel	and	Illustrator.		546	 	547	
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6.	Figure	Legends	553	 Figure	1	–	Life	cycles	of	C.	elegans	and	S.	ratti.	Stages	marked	with	"i"	must	554	 develop	into	parasitic	females.	It	should	be	noted	that	in	C.	elegans,	all	stages	can	555	 be	hermaphrodites	or	males,	whereas	in	S.	ratti,	all	parasitic	adults	are	556	 parthenogenetic	females,	while	the	free-living	adults	are	both	male	and	female.		557	 	558	
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Figure	2	–	Phylogenetic	relationship	of	Rhabditophanes	and	selected	559	
Strongyloididae	species	based	on	[2,	4].		Tree	branch	lengths	are	not	indicative	of	560	 evolutionary	distance	among	the	species.			561	 	562	 Figure	3	–	Life	cycle	and	developmental	stages	of	R.	diutinus.	(A)	previously	563	 described	simple	life	cycle	according	to	[4].	(B)	J2A	larva.	(C	)dauer	larva.	(D)	564	 buccal	plug	(arrow)	and	(E)	the	uppermost	of	several	intestinal	plugs	(star).	(F)	565	 Front	ends	of	J2A	,	lacking	a	buccal	plug	but	featuring	an	ordinary	narrow	open	566	 mouth	(arrows).	(G)	Updated	life	cycle	for	R.	diutinus	.		567	 	568	 Figure	4	–	Recovery	of	dauers	into	adults	in	Rhabditophanes	sp.	KR3021.	(A)	Time	569	 course	of	dauer	recovery.	Images	are	taken	from	a	time	course	experiment.	570	 Images	are	shown	at	4	hours	intervals	from	dauers	(t=0	hours)	through	to	fully	571	 developed	reproducing	adults	(t=44	hours).	(B-D)	High	magnification	DIC	images	572	 of	the	two	molts,	at	16	and	36	hours	are	shown.		Scale	bars	indicate	100µm.		The	573	 images	shown	here	are	a	composite	of	the	experiment	and	do	not	constitute	a	574	 single	worm	as	it	develops.	575	 	576	 Figure	5	-	Homologs	of	genes	known	to	be	involved	in	the	dauer	signaling	577	 pathway	in	C.	elegans,	within	the	R.	diutinus		(RSKR),	Strongyloides	ratti		(SRAE)	578	 and	Strongyloides	papillosus	(SPAL)	published	genomes.		Black	–	the	species	has	579	 at	least	one	ortholog	of	this	gene	present	within	its	genome.		White	–	the	gene	580	 could	not	be	found	within	the	species	genome.	581	 	582	
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Width	at	vulva	 48.62	–	62.18	(54.47)	 16.62	–	18.84	(17.64)	 12.11	–	15.33	(14.51)	
Length	of	gonad	 177,98	–	256-72	(216.08)	 27.48	–	30.04	(29.07)	 11.03	–	13.19	(12.05)	
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Longevitya b s t r a c t
The rat parasitic nematode Strongyloides ratti (S. ratti) has recently emerged as a model system for
various aspects of parasite biology and evolution. In addition to parasitic parthenogenetic females, this
species can also form facultative free-living generations of sexually reproducing adults. These free-living
worms are bacteriovorous and grow very well when cultured in the feces of their host. However, in fecal
cultures the worms are rather difﬁcult to ﬁnd for observation and experimental manipulation. Therefore,
it has also been attempted to raise S. ratti on Nematode Growth Media (NGM) plates with Escherichia coli
OP50 as food, exactly as described for the model nematode Caenorhabditis elegans.
Whilst worms did grow on these plates, their longevity and reproductive output compared to fecal
cultures were dramatically reduced. In order to improve the culture success we tested other plates oc-
casionally used for C. elegans and, starting from the best performing one, systematically varied the plate
composition, the temperature and the food in order to further optimize the conditions. Here we present a
plate culturing protocol for free-living stages of S. ratti with strongly improved reproductive success and
longevity.
© 2016 Elsevier Inc. All rights reserved.ntwicklungsbiologie, Depart-
076 Tübingen, Germany.
(A. Dulovic), vadim.puller@
.mpg.de (A. Streit).1. Introduction
Experimental manipulation of endoparasitic organisms is nor-
mally rather difﬁcult because many if not all developmental stages,
in particular the reproducing adults, reside within their respective
host. However, nematode worms of the genera Strongyloides and
Parastrongyloides can form facultative free-living generations in
A. Dulovic et al. / Experimental Parasitology 168 (2016) 25e3026between parasitic generations (Streit, 2008; Viney and Lok, 2015).
This free-living generation offers rather unique access for the
experimenter to an endo-parasite and in particular Strongyloides
ratti, for which an excellent whole genome assembly is available
(Hunt et al., 2016), has been developed as an experimental model
system for basic biological and parasitological research (Viney and
Kikuchi, 2016).While the parasitic adults live in the small intestines
of their respective vertebrate hosts, the free-living stages are bac-
teriovorous. A basic set of techniques for the molecular genetic
analysis of several species of Strongyloides and Parastrongyloides
trichosuri (Grant et al., 2006a) has been developed over the last few
years (Grant et al., 2006b; Lok, 2007; Lok and Unnasch, 2013;
Nemetschke et al., 2010). Many of these techniques involve main-
taining the worms on agar plates seeded with Escherichia coli
bacteria as food. Usually, NGM (nematode growth medium) plates,
known as the standard culture plates for work with the model
nematode Caenorhabditis elegans (Stiernagle, 1999) are used.
Although survival is achieved, the reproductive output of S. ratti
free-living adults on such plates is substantially lower compared
with culture in host feces (our own and other’s unpublished ob-
servations). However, such worms are difﬁcult to ﬁnd for manip-
ulation and analysis. The same likely applies for other species of
Strongyloides, although in our hands Strongyloides papillosus does
better on NGM plates than S. ratti (unpublished observation). We
and others had long suspected (anecdotal evidence) that NGM
plates are far from being ideal for Strongyloides spp. Here we sys-
tematically varied the composition of the plates, the food bacteria
offered and the temperature, and measured the longevity and
fecundity of free-living S. ratti. We demonstrate that all these traits
are very strongly inﬂuenced by the exact culture conditions and we
propose a recipe for agar plates on which S. ratti live longer and
produce more eggs, a higher proportion of which develops prop-
erly, compared with NGM plates.
2. Materials and methods
2.1. S. ratti isolate and husbandry
The laboratory S. ratti strain ED321 was used (Viney, 1996). This
strain was derived from ED5 (Viney et al., 1992) by selection for
predominant development through free-living adult stages (called
heterogonic or indirect) (Viney, 1996). ED321 was obtained fromM.
Viney, University of Bristol in 2010 and has been maintained since
in our lab in female wistar rats as described (Viney et al., 1992). All
experiments with animals were in accordance with international
and national animal welfare guidelines and legislation. All neces-
sary permits were granted by the local authorities (Regier-
ungspr€asidium Tübingen, AZ35/9185.82e5). The rats were kept in
an in-house animal facility, which is subject to regular inspections
by the local authorities (Veterin€aramt Tübingen).
Four week old female wistar rats (Charles River) were infected
with 500 L3i each. Seven and eight days post infection, rat feces was
collected by placing the infected animals overnight in a cage, with a
metal grid bottom lined with moist paper about 1 cm underneath
the grid at 23 C. Culturing in feces was done in watch glasses as
described (Viney et al., 1992) at 19 C. Under these conditions, the
worms develop into infective larvae or free-living reproducing
adults within three days. Worms were isolated from fecal cultures
after the speciﬁed duration using the Baermann technique as fol-
lows. The fecal pellets were wrapped in Linsoft paper and placed in
a funnel ﬁlled with tap water ﬁtted with a rubber tube, closed with
a clamp at the bottom at room temperature (22e23 C). Two hours
after placing the feces in the funnel, the worms that had accumu-
lated at the bottom of the tube were collected by brieﬂy opening
the clamp. The worms were then washed in a watch glass multipletimes (at least three times and until no sediment was visible) using
deionized water at room temperature.
2.2. Plate preparation
Following the results of a pilot study with previously published
alternative (not NGM) plates (not shown), we decided to use the
recipe used by (Hart, 2006) to make plates for chemotaxis experi-
ments in C. elegans, as starting point for systematic variation of the
concentrations of the components. After multiple small scale trials
(not shown), the best two performing plates (V11 and V12) were
selected for large scale comparison with NGM. V11: 1 mM CaCl2
(Sigma Aldrich), 2mMMgSO4.7H2O (Emsure), 5 mMKH2PO4 (Acros
Organics), 2 mM NaCl (Sigma Aldrich), 2% w/v Agar (Serva). V12:
2 mM CaCl2, 1 mMMgSO4.7H2O, 5 mM KH2PO4, 2 mMNaCl, 2% w/v
Agar. NGM (Stiernagle, 1999): (1.7% (w/v) Agar, 50 mM NaCl, 0.25%
(w/v) Peptone (BN), 1 mM CaCl2, 5 mg/mL Cholesterol (Fluka),
25 mM KH2PO4 and 1 mM MgSO4) and 2% (w/v) Agar (Serva) in
water were used for comparison.
2.3. Food bacteria
E. coli HB101 in addition to E. coli OP50 were selected as bacteria
for use in this study because they strain had previously been used
to culture S. ratti and Strongyloides stercoralis (Lok and Unnasch,
2013; Shao et al., 2012). As a control, unseeded plates were also
included in the study. In some experiments, the deﬁned food was
supplemented with Baermann water (as speciﬁed below), taken
from the Baermann funnels the worms had been isolated with. This
water contains micro organisms and other substances present in
the rat feces.
2.4. Experimental treatments
Different combinations, as speciﬁed below, of plate composi-
tions (agar), bacterial food source (bacteria), presence or absence of
Baermann water (Baermann water or Bm wat.) and temperature
were tested. The parameters measured were the number of eggs
laid, the number of developing (hatched) progeny (for these two
parameters see “2.5. Brood size determination” for details) and the
longevity of the worms. Although longevity of the mothers was
recorded in the “Brood size determination” experiment, longevity
was measured in a second independent experiment (see 2.6.
Longevity assay), which did not include a daily transfer of the
worms to a new plate. All manipulations and counts involving
worms on plates were done using a Zeiss Stemi 2000 stereo dis-
secting microscope.
2.5. Brood size determination
Plates were spotted with 100 ml of bacterial overnight culture (if
required) and left to dry for four hours. Following this, gravid free-
living females from 3 day old fecal cultures were isolated using the
Baermann method described above. Worms were then picked
singularly onto plates, each of which was subject to different con-
ditions. If inclusion of Baermann water was part of the treatment,
150 ml of Baermann water from the fecal culture was added to the
plate, immediately after the worm was picked. Plates were
randomly mixed in boxes and incubated at either 19 C or 23 C.
24 h later, brood size was determined by manual counting with the
number of eggs seen and the number of hatchlings recorded. Each
box contained all agars, bacteria and Baermannwater conditions. If
still alive, the worm was transferred daily to a new plate with the
same conditions. If Baermann water was required, it was always
taken from the same stock used on the initial plate. This was
A. Dulovic et al. / Experimental Parasitology 168 (2016) 25e30 27repeated every day until the worm died. Worm death was deter-
mined by lack of response to a physical stimuli (being brushed with
a pick) for 2 days, upon which the initial day of no activity was
recorded as the day of worm death. Alternatively, if the worm had
crawled off the side of the plate (as happened on less than 8% of all
plates), this was recorded as the day of death. Any alive hatched
offspring were removed from the plate to avoid recounting. Once
counting was complete, the plates were placed back into the
incubator and then recounted every 24 h to check for newly
hatched offspring. This continued until both the worm had died
and no newly hatched offspring were recorded for at least 2 days.
Overall, 25 plates were used for every agar, bacteria, temperature
and Baermann water condition in the study.
2.6. Longevity assay
Worms were subjected to the same external environmental
conditions (agars, bacteria, presence or absence of Baermannwater
and temperatures) as before. Plates were again spotted with 100 ml
and left for 4 h to dry, after which 20 gravid 3 day female worms
from a 2 h culture, were picked onto a single plate and left undis-
turbed for the course of the assay. Progeny were left on the plate as
their difference in morphology (they all develop into L3i) did not
make identiﬁcation difﬁcult. Every 24 h, the number of worms
remaining alive was counted manually. If a wormwas suspected of
death, it was brushed lightly with a pick to check for pumping
action or response. If no response or action was seen, a small X was
made in the agar next to the worm. Following two further days of
no activity, the wormwas determined to be dead, however the day
of death was recorded as being on the ﬁrst day of no activity.
2.7. Statistical analysis
We analysed the data using four-way analysis of variance
approach (ANOVA), where the response variable is determined by
our four factors (agar, bacteria, presence or absence of Baermann
water, and temperature). The response variable was either the total
number of eggs, the total number of offspring or the worm lifetime.
In the latter case we inferred the lifetime by ﬁtting the time
dependence of the number of worms alive by a logistic curve. This
roughly corresponds to the time when the number of worms is
reduced by half, and takes into account the fact that most worms
survive for at least two days, after which their population sharply
drops. ANOVAwas used in its factor effects version i.e. the response
of the dependent variable was divided into factor effects and in-
teractions due to combinations of factors. The signiﬁcance of dif-
ferences between responses to different factor levels and their
combinations was then tested using F-test. Pairwise comparisons of
four factor combinations were done using t-test.
3. Results and discussion
3.1. Effect of experimental factors on egg laying
When looking solely at number of eggs laid, different agars had a
signiﬁcant effect upon the worm laying (p-value 4.72  109). Of
the 4 agars tested, V12 produced the highest number of eggs laid
(5050, Table 1). By contrast, NGM only produced 3683 eggs. Sur-
prisingly, a large number of eggs (4768) were still produced on 2%
Agar, suggesting that S. ratti prefers low nutrient environments.
Bacteria when examined independently (Table 1), also had a
signiﬁcant effect upon laying (p-value 1.11  1016). Individuals
supplied with HB101 produced signiﬁcantly more eggs (9323) than
those provided with either OP50 (5177) or no food (2266). The
signiﬁcantly lower amount of eggs laid when no food was providedis expected, as the lack of food forces the worms to reduce their
reproductive output whilst they search for food. On those plates
were Baermann water was added, it caused a signiﬁcant (p-value
8.89  108) reduction in laying from 9620 to 7146 eggs. Interest-
ingly, Baermannwater was seen to have the greatest positive effect
when no other food had been added to the plate (Table 2). Tem-
perature was also found to have a signiﬁcant effect (p-value
1.14  106) upon laying. The number of eggs laid was higher at
23 C (9509) than 19 C (7257) (Table 1).
When multiple treatments are combined, with respect to egg
laying, V12 HB101with no Baermannwater at 23 C are the optimal
conditions (1166 eggs laid) (Table 2, Suppl. Fig. 1). This is 12.5%
higher than the next best performing conditions. Interestingly, of
the 5 best performing conditions, all 5 involve the use of HB101 as a
food source, suggesting HB101 is a more suitable food source than
OP50 for the maintenance of S. ratti. Similarly, 4 of these 5 were
incubated at 23 C, suggesting that reproductive output does in-
crease at a higher temperature, and in the absence of Baermann
water, conﬁrming a low nutrient environment being favourable. As
expected, the 5 worst performing conditions all involve no food
being used, with the starvation of the worms appearing to cause a
decrease in reproductive output. Surprisingly, much like the high-
est performing conditions, 4 of these 5 involve 23 C being used.
This higher temperature combined with the lack of food appears to
severely reduce reproductive output.
3.2. Effect of experimental factors on hatched offspring production
Hatching rates are given in Table 1. The total number of hatched
progeny produced, which is discussed here is the number of eggs
laid which developed into infective larvae. Agar is once again
having a signiﬁcant effect (p-value 1.11  1016). Surprisingly the
most offspring were seen on 2% agar (1224) followed by V12 agar
(1213) (Table 1). It should be noted that this is because none of the
single worst performing conditions involved the use of 2% agar
(Table 2, Suppl. Fig. 2). By contrast only 161 offspring were seen on
NGM agar, equivalent to 1/8th the number seen on 2% agar or V12,
when looking at mean numbers hatched per worm. Even NGM
plates which had seen high numbers of eggs laid, had signiﬁcantly
reduced hatching percentages when compared to similarly well
performing V12 plates (i.e. 6.96% hatching on NGM HB101 without
Baermann water at 23 C and 23.50% hatching on V12 with the
same other conditions (Table 2). This further supports that S. ratti
should not be maintained on NGM.
Once again bacteria is having a signiﬁcant effect (p-value
2.28  1015), with over half of all offspring been recorded on
HB101 (Table 1). The particularly low numbers recorded for no food
suggests that some form of enrichment is required for normal
embryo development. Whilst the overall percentage of eggs that
hatched is lower for HB101 than OP50 or None, this is due to the
signiﬁcantly higher number of eggs laid on HB101 to begin with.
The presence of Baermann water has a small effect upon
hatching (p-value 0.05) with slightly more offspring seen on
Baermann water free plates than on those with (Table 1).
Temperature again has a signiﬁcant effect (p-value 0.01) with
more offspring recorded at 23 C than at 19 C (Table 1), supporting
the future maintenance of S. ratti at a higher temperature.
Again, when multiple treatments are combined, V12 agar with
HB101 bacteria, no Baermann water at 23 C are the optimal con-
ditions, with 274 offspring recorded (Table 2). Of the 5 best per-
forming conditions (Table 2), 3 involve the use of V12 agar
suggesting it is the best performing for hatching. By contrast all 5 of
the worst performing conditions use NGM agar, conﬁrming its
unsuitability as a host medium for S. ratti. Similarly, 4 of the 5 plates
with the largest amount of hatched eggs used HB101 as a bacteria,
Table 1
Total eggs laid and hatched, andmean eggs laid and hatched per worm for each experimental variable in the Brood Size assay. For the statistical comparison of these values see
Tables S1/2.
Experimental Variable Total eggs laid Total eggs hatched Hatch (%) Mean laid eggs per worm Mean hatched eggs per worm
Agar V11 3245 718 22.13 10.82 2.39
V12 5050 1213 24.02 16.83 4.04
NGM 3683 161 4.37 12.28 0.54
2% 4788 1224 25.56 15.96 4.08
Bacteria Op50 5177 1075 20.76 12.94 2.69
HB101 9323 1676 17.98 23.31 4.19
None 2266 565 24.93 5.67 1.41
Baermann water Present 7146 1495 20.92 11.91 2.49
Absent 9620 1821 18.93 16.03 3.04
Temperature 19 C 7257 1450 19.98 12.10 2.42
23 C 9509 1866 19.62 15.85 3.11
Table 2
Total eggs laid and mean eggs laid per worm, total eggs hatched and mean eggs hatched per worm, and the mean longevity of S. ratti for every experimental composition used
in the Brood Size assay.
Agar Bacteria Temperature (C) Baermann water Total eggs Laid Total hatched eggs Hatch (%) Mean eggs laid per worm Mean eggs hatched per worm Mean lifespan
V11 Op50 19 Yes 287 59 20.56 11.48 2.36 1.84
V11 Op50 19 No 211 19 9.00 8.44 0.76 2.72
V11 Op50 23 Yes 346 176 50.87 13.84 7.04 2.12
V11 Op50 23 No 345 21 6.09 13.80 0.84 2.96
V11 HB101 19 Yes 350 46 13.14 14.00 1.84 2.52
V11 HB101 19 No 301 49 16.28 12.04 1.96 3.12
V11 HB101 23 Yes 415 202 48.67 16.60 8.08 2.04
V11 HB101 23 No 579 27 4.66 23.16 1.08 2.96
V11 None 19 Yes 136 46 33.82 5.44 1.84 1.76
V11 None 19 No 100 9 9.00 4.00 0.36 2.76
V11 None 23 Yes 109 58 53.21 4.36 2.32 1.68
V11 None 23 No 66 6 9.09 2.64 0.24 3.08
V12 Op50 19 Yes 285 53 18.71 11.40 3.60 3.32
V12 Op50 19 No 481 90 18.60 19.24 2.12 2.76
V12 Op50 23 Yes 304 77 25.33 12.16 3.08 2.72
V12 Op50 23 No 682 245 35.92 27.28 9.80 2.56
V12 HB101 19 Yes 345 37 10.72 13.80 1.48 3.28
V12 HB101 19 No 946 267 28.22 37.84 10.68 2.52
V12 HB101 23 Yes 313 16 5.11 12.52 0.64 3.12
V12 HB101 23 No 1166 274 23.50 46.64 10.96 2.64
V12 None 19 Yes 196 65 33.16 7.84 2.60 3.72
V12 None 19 No 188 25 13.30 7.52 1.00 2.56
V12 None 23 Yes 59 7 11.86 2.36 0.28 2.68
V12 None 23 No 85 57 67.06 3.40 2.28 2.92
NGM Op50 19 Yes 92 1 1.09 3.68 0.04 2.88
NGM Op50 19 No 237 5 2.11 9.48 0.20 2.68
NGM Op50 23 Yes 242 14 5.79 9.68 0.56 2.76
NGM Op50 23 No 185 2 1.08 7.40 0.08 3.64
NGM HB101 19 Yes 125 4 3.20 5.00 0.16 2.96
NGM HB101 19 No 278 5 1.80 11.12 0.20 2.64
NGM HB101 23 Yes 867 17 1.96 34.68 0.68 3.28
NGM HB101 23 No 1020 71 6.96 40.80 2.84 2.80
NGM None 19 Yes 47 0 0.00 1.88 0.00 2.72
NGM None 19 No 109 2 1.83 4.36 0.08 2.16
NGM None 23 Yes 227 5 2.20 9.08 0.20 2.80
NGM None 23 No 254 35 13.78 10.16 1.40 3.24
2% Op50 19 Yes 418 97 23.21 16.72 3.88 2.36
2% Op50 19 No 348 62 17.82 13.92 2.48 3.12
2% Op50 23 Yes 256 153 59.77 10.24 1.60 2.40
2% Op50 23 No 458 114 24.89 18.32 4.56 2.92
2% HB101 19 Yes 686 179 26.09 27.44 7.16 2.88
2% HB101 19 No 597 142 23.79 23.88 5.68 2.68
2% HB101 23 Yes 557 103 18.49 22.28 4.12 2.72
2% HB101 23 No 778 237 30.46 31.12 9.48 3.36
2% None 19 Yes 377 153 40.58 15.08 6.12 2.56
2% None 19 No 117 35 29.91 4.68 1.40 1.68
2% None 23 Yes 107 40 37.38 4.28 1.60 1.72
2% None 23 No 89 22 24.72 3.56 0.88 2.04
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of the 5 best were kept at 23 C whilst 4 of the 5 worst were kept at
19 C, conﬁrming 23 C as the better temperature for cultivatingoffspring. When comparing the best treatment from our experi-
ment (V12 HB101 No Baermann water at 23 C) against NGM OP50
with Baermann Water at 19 C, there was a statistically signiﬁcant
Table 3
Mean and maximum Longevity of S. ratti for each experimental variable in the longevity assay. For the statistical comparison of these values see Tables S3.
Experimental Variable Mean longevity (days) Maximum longevity (days)




Bacteria OP50 3.98 10
HB101 4.06 9
None 4.08 11
Baermann water Present 3.90 10
Absent 4.18 11
Temperature 19 C 4.27 11
23 C 3.81 10
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(Supplementary Fig. S3).
One interesting observation from the study was that hatching
normally increased in the absence of Baermannwater when HB101
was used as the food source, but often decreased when OP50 was
used (Table 2). This suggests a negative interaction may beTable 4
Mean and maximum longevity of S. ratti for every experimental composition used in the
Agar Bacteria Temperature Baermann wat
V11 Op50 19 Yes
V11 Op50 19 No
V11 Op50 23 Yes
V11 Op50 23 No
V11 HB101 19 Yes
V11 HB101 19 No
V11 HB101 23 Yes
V11 HB101 23 No
V11 None 19 Yes
V11 None 19 No
V11 None 23 Yes
V11 None 23 No
V12 Op50 19 Yes
V12 Op50 19 No
V12 Op50 23 Yes
V12 Op50 23 No
V12 HB101 19 Yes
V12 HB101 19 No
V12 HB101 23 Yes
V12 HB101 23 No
V12 None 19 Yes
V12 None 19 No
V12 None 23 Yes
V12 None 23 No
NGM Op50 19 Yes
NGM Op50 19 No
NGM Op50 23 Yes
NGM Op50 23 No
NGM HB101 19 Yes
NGM HB101 19 No
NGM HB101 23 Yes
NGM HB101 23 No
NGM None 19 Yes
NGM None 19 No
NGM None 23 Yes
NGM None 23 No
2% Op50 19 Yes
2% Op50 19 No
2% Op50 23 Yes
2% Op50 23 No
2% HB101 19 Yes
2% HB101 19 No
2% HB101 23 Yes
2% HB101 23 No
2% None 19 Yes
2% None 19 No
2% None 23 Yes
2% None 23 Nooccurring between the different bacteria found in the Baermann
water and the HB101 on the platewhereas a commensal interaction
may occur when OP50 is used.longevity assay.
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As with brood size determination, agar has a signiﬁcant effect
(p-value 1.11  1016) upon the longevity of S. ratti on plates.
Worms kept on V11/12 agars had the longest mean lifespan,
whereas those kept on NGM had the shortest (Table 3). Similarly,
the maximum lifespans seen for the worms was only 8 days on
NGM, compared to 10e11 days on the V11/12 agars (Table 3).
Bacteria however, unlike for brood size had little or no effect upon
longevity. There were minimal differences seen in mean lifespan
(Table 3) on different bacteria and those which were starved, often
survived longer. It should be noted that plates often had contami-
nation after a few days over the course of this assay. This has been
seen in previous longevity assays for other species and appears to
be unavoidable. In this study, nutrient rich media was more often
affected by contamination than basic agar. The worms in the
longevity assay lived in average about one day longer than the
worms used for the brood size determination, in the process of
which theywere transferred to new plates every day. This indicates
that repeated picking shortens lifespan, likely due to the repeated
stress exerted on the worm. Unsurprisingly, Baermann water has a
signiﬁcant effect upon longevity (p-value 4.03  1011), with
worms having a shorter mean lifespan when it was present (3.90)
than when not (4.18) (Table 3). This was particularly prominent on
NGM plates were the rich medium encouraged the rapid growth of
any contaminating substances. This combined with the reduction
in reproductive output means we recommend that Baermann wa-
ter should not be added to plates in order to improve survival and
reproductive output. Temperature is also having a signiﬁcant effect
(p-value 1.11 1016) with worms having a longer mean lifespan at
19 C than at 23 C (Table 3). Whenmultiple experimental variables
are examined, there are signiﬁcant interactions only between Agar
and Bacteria (p-value 0.03) and Baermann water and Temperature
(p-value 0.01). This interaction between Baermann water and
temperature is likely a negative interaction. As temperature
increased, the presence of Baermann water resulted in reduced
lifespans (Table 4) likely due to increased contamination. The most
optimal conditions in this study were V12 with no food bacteria or
Baermann water at 19 C (5.03 days) (Table 4). The most successful
conditions from the brood size assay (V12 HB101 at 23 C without
Baermann water) had mean longevity of 4.08, slightly above
average for the study. By contrast, the lab standard NGMOP50With
Baermann water at 19 C had an average of 3.87 (Table 4).
3.4. Conclusions
The results of this study show that the best conditions tested for
the maintenance of S. ratti is V12 Agar, HB101 bacteria as a food
source at 23 C in the absence of Baermann water. V12 agar, with
HB101 bacteria as a food source in the absence of Baermann water
was also best performing conditions amongst all of those con-
ducted at 19 C. Although other experimental conditions didoccasionally produce slightly better results, they were only an
improvement on a single aspect for maintenance.
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RESEARCH ARTICLE
RNAi-mediated knockdown of daf-12 in the
model parasitic nematode Strongyloides ratti
Alex DulovicID, Adrian StreitID*




The gene daf-12 has long shown to be involved in the dauer pathway in Caenorhabditis ele-
gans (C. elegans). Due to the similarities of the dauer larvae of C. elegans and infective lar-
vae of certain parasitic nematodes such as Strongyloides spp., this gene has also been
suspected to be involved in the development of infective larvae. Previous research has
shown that the application of dafachronic acid, the steroid hormone ligand of DAF-12 in C.
elegans, affects the development of infective larvae and metabolism in Strongyloides. How-
ever, a lack of tools for either forward or reverse genetics within Strongyloides has limited
studies of gene function within these important parasites. After determining whether Stron-
gyloides had the requisite proteins for RNAi, we developed and report here the first success-
ful RNAi by soaking protocol for Strongyloides ratti (S. ratti) and use this protocol to study
the functions of daf-12 within S. ratti. Suppression of daf-12 in S. ratti severely impairs the
formation of infective larvae of the direct cycle and redirects development towards the non-
infective (non-dauer) free-living life cycle. Further, daf-12(RNAi) S. ratti produce slightly but
significantly fewer offspring and these offspring are developmentally delayed or incapable of
completing their development to infective larvae (L3i). Whilst the successful daf-12(RNAi)
L3i are still able to infect a new host, the resulting infection is less productive and shorter
lived. Further, daf-12 knockdown affects metabolism in S. ratti resulting in a shift from aero-
bic towards anaerobic fat metabolism. Finally, daf-12(RNAi) S. ratti have reduced tolerance
of temperature stress.
Author summary
Strongyloides ratti is a model parasitic nematode of interest for its use in understanding
basic biology and the development of novel helminth therapies. However a lack of genetic
tools has stymied progress, although CRISPR/Cas9 has recently been reported. After
determining whether RNAi might work in S. ratti by profiling the RNAi pathway proteins,
we developed a successful RNAi protocol, which was used to study the gene daf-12. In
Caenorhabditis elegans, daf-12 is involved in various developmental and metabolic pro-
cesses, including the formation of long-living dauer larvae which are considered to be
similar to the infective larvae of Strongyloides. Based on the external application of
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dafachronic acid (the ligand of DAF-12 in C. elegans) and gene expression studies, it was
proposed that daf-12 has conserved functions in Strongyloides. Using our RNAi method,
we provide the first proof of successful gene knockdown within S. ratti and demonstrate
that daf-12 in S. ratti is involved in the same processes as C. elegans. This supports that
daf-12 functions are conserved in distantly related nematodes and that daf-12 is an impor-
tant target for the development of novel antihelminthics.
Introduction
In order to survive, nematodes have to be able to adapt to their surrounding conditions. In the
well-studied model organism Caenorhabditis elegans, worms are able to switch between rapid
development through a third stage larvae and the development of long lived dauer third stage
larvae, which enable them to survive unsatisfactory environmental conditions [1]. Similarly,
certain parasitic nematodes also may alter their life cycle development based on their sur-
rounding conditions. The progeny of parasitic Strongyloides spp. are able to switch between a
dauer-like pathway, which results in the formation of infective third larvae (L3i) and the infec-
tion of a new host (direct cycle), and the formation of a single free-living generation through a
different, rapidly developing third stage larvae (indirect cycle) [2]. For most characterized
Strongyloides species (such as S. ratti), all progeny of the free-living adults develop into L3i,
however for the cat-specific species (Strongyloides planiceps) [3], successive free-living genera-
tions are possible. For further details on the life cycle of Strongyloides we refer the reader to
[4]. The L3i stage is believed to be homologous to the C. elegans dauer [4, 5]. Compared with
the C. elegans dauer larvae, the mechanisms that control the formation of the Strongyloides
spp. L3i is currently rather poorly understood.
Parasitic nematodes currently constitute a great threat to humankind, from causing wide
scale economic loss to having direct implications on human health. One of the more danger-
ous of these nematodes is the parasitic roundworm Strongyloides stercoralis, which infects
more than 350 million people [6]. Due to the occurrence of consecutive autoinfective cycles,
chronic S. stercoralis infections can sustain themselves for years. While individuals infected
with chronic strongyloidiasis are often asymptomatic or experience mild gastro-intestinal
symptoms because they control the infection at a very low level, in immuno-compromised
patients the auto infective cycles may self-enhance, a condition known as hyperinfection syn-
drome followed by disseminated strongyloidiasis, which is normally fatal [7]. While chronic or
early stages of hyperinfecting Strongyloides can currently be treated with ivermectin or, to
some extent, other antihelminthics [8], disseminated strongyloidiasis is often fatal in spite of
successful killing of the worms because the organ damage was already too great and/or the
masses of dying migrating larvae cause additional damage [8–10]. In addition, resistance
towards the current antihelminthics used has been identified in animals and humans, meaning
new treatment options to treat strongyloidiasis are necessary [11]. Of particular interest in
developing new treatments are the molecular mechanisms associated with the formation of
infective larvae, because prevention of the formation of autoinfective larvae could break the
continuous autoinfective cycle responsible for the severe pathology of S. stercoralis.
In C. elegans, the nuclear hormone receptor DAF-12 is known to be involved as a key regu-
lator in the dauer pathway [12] and to act as a convergence of the pathways regulating larval
diapause, developmental age and adult longevity [13, 14]. The ligand for DAF-12 in C. elegans
is dafachronic acid (DA) [15]. In its name giving function (daf: dauer formation defective), the
receptor ligand interaction appears phenotypically inhibitory because the effects of mutating
daf-12 RNAi in S. ratti
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the receptor or exogenous application of DA are identical, namely inhibition of dauer forma-
tion [15]. However, DAF-12 has functions in both developmental pathways and at various
time points during the ontogeny of a worm [1,13]. In addition to ligand binding, DAF-12 has
been shown to interact with partners such as daf-16 [16–18] and din-1 [19, 20] to control
developmental events and with let-7 micro RNAs to mediate the immune response [21]. DAF-
12 has also been implicated in several metabolic processes [14] such as the production of cyto-
solic NADPH [17] or fat metabolism [16]. Multiple genes involved in post-embryonic develop-
ment have been shown to be regulated by DAF-12. In some cases, the same gene can be either
repressed or activated, depending on developmental stage [15]. Further, different mutant
alleles of daf-12 within C. elegans have been found to effect both fertility and response to heat
stress [22].
Pharmacological experiments using exogenous DA in Strongyloides papillosus (S. papillosus)
and S. stercoralis suggested that a conserved endocrine module might regulate dauer/L3i for-
mation and metabolism in Strongyloides spp. [5, 16, 23–26]. In particular, DA prevented the
progeny of the parasitic generation from developing into L3i directly and redirected them to
form free-living stages [5, 23, 26, 27]. In S. papillosus, DA application caused the progeny of
the free-living generation to undergo an extra free-living generation [5]. DA was also shown to
induce the activation of infective L3i in S. stercoralis [26] and to upregulate genes involved in
aerobic and downregulate genes involved in anaerobic fatty acid metabolism [16]. In all these
studies the pharmacological action of DA was suggested to occur through Strongyloides-DAF-
12, which has been identified in S. stercoralis [27]. However, involvement of DAF-12 has never
been directly demonstrated and, given that other nuclear hormone receptors exist and the sim-
ilarity of the ligand binding domains in the C. elegans and the Strongyloides proteins is limited,
action through DAF-12 could not be safely assumed.
Strongyloides spp. is not only of interest as a pathogen but, in part thanks to its free-living
generation, it is also an attractive model system to study a number of biological questions, as
has been outlined in a recent special issue of the journal "Parasitology" [28, 29]. A number of
techniques for the molecular genetic analysis have been developed over the years, such as
chemical mutagenesis [30, 31], genetic mapping [32] and transgenesis [33]. The full genome
sequences of four species of Strongyloides have also been published along with transcriptomic
information [34]. However for a long time, attempts to develop methods for reverse genetic
knock out or knock down of gene function in Strongyloides spp. failed. Very recently, success-
ful targeted mutagenesis using the CRISPR/Cas9 system has been reported for S. stercoralis but
the same approach worked poorly by comparison in S. ratti [35], the species considered the
prime non-human-pathogenic model species of Strongyloides [36]. RNA mediated interference
(RNAi), an already a widely used technique in other nematodes [37, 38] would be a highly
desirable technique because it would not require the establishment of mutant lines in hosts.
While RNAi has been reported and successfully used for years within many plant parasitic
nematodes (such as Meloidogyne incognita [39], Heterodera glycine [40] or Globodera pallida
[40]), entomopathogenic parasitic nematodes (such as Heterorhabditis bacteriophora [41] or
Steinernema carpocapsae [42]) and more recently within animal parasitic nematodes (such as
Haemonchus contortus [43] Ascaris suum [44] or Brugia malayi [45]), it has yet to be successful
within any Strongyloides species. The majority of the above cited papers involved the applica-
tion of dsRNA which had been previously tested in Strongyloides spp. leading some authors to
conclude that Strongyloides was refractive to RNAi [46]. However recent developments have
involved the use of siRNAs for generating RNAi in animal parasitic nematodes [45, 47], as this
bypasses the processing steps for dsRNA which several animal parasitic nematodes lack [48].
In this study, we report the development of a reliable method for RNAi in S. ratti, based on
the protocol published earlier for B. malayi [45]. We decided to use the nuclear hormone
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receptor DAF-12 as a test case because the relatively numerous pharmacological studies with
DA mentioned above provided us with a number of testable phenotypic expectations and
made this gene a highly interesting target for knock down analysis. Our results are in full
agreement with the hypothesis that the pharmacological effects seen with DA involved DAF-
12, and that DAF-12 is a central part of a conserved endocrine module that controls multiple
processes as different as dauer/L3i formation, fat metabolism and stress tolerance.
Results
Presence and absence of homologs of known C. elegans RNAi pathway
genes in Strongyloides spp
To determine whether RNAi was likely to work within Strongyloides, we asked if the key pro-
teins of the RNAi machinery in C. elegans (as described in [48]), are present in the Strongy-
loides spp. genomes. Since in a recently published comparison of the Argonaute family genes it
had been found that members of the Argonaute families believed to be required for RNAi are
present in Strongyloididae [49], this gene family was not analyzed again. For each of the
selected C. elegans genes, we determined if homologues existed in Strongyloides spp. following
the approach described by [48], which considers sequence similarity and domain architecture
and if they were likely one to one orthologs or existed in a one (in C. elegans to many (two or
more in Strongyloides)), or a many to one or a many to many relationship. A gene was only
considered to be an ortholog if it contained all of the functional domains present in the C. ele-
gans protein. As can be seen in Table 1, Strongyloides spp. have genes in all functional classes
according to [48]. In each of the four Strongyloides species (S. ratti, S. papillosus, S. stercoralis
Table 1. Presence of orthologs of genes known to be involved in RNAi in C. elegans in Strongyloides spp.
Small RNA biosynthetic proteins dsRNA uptake and spreading and siRNA amplification effectors
drh-3 drsh-1 xpo-1 xpo-2 dcr-1 drh-1 pash-1 rde-4 xpo-3 smg-2 smg-6 ego-1 rrf-3 rrf-1 rsd-2 rsd-3 sid-1 sid-2 rsd-6 smg-5
SRAE X W W W W X W W W W Y W Y W
SPAL X W W W W X W W W W Y W Y W
SSTP X W W W W X W W W W W W W W
SVE X W W W W X W W W W W W W W
Nuclear RNAi effectors
mut-7 cid-1 ekl1 afl-1 mes-2 ekl-4 mes-6 rha-1 ekl-6 zfp-1 mut-2 ekl-5 mes-3 mut-16 rde-2
SRAE W Y W W W W W
SPAL W Y Y W W W W W
SSTP W Y Y W W W W W W
SVE W W W W W W W W
RISC proteins RNAi inhibitors
tsn-1 ain-1 vig-1 ain-2 eri-1 xrn-2 adr-2 xrn-1 adr-1 lin-15b eri-5 eri-7 eri-3 eri-6
SRAE W Z W Z W Z Z W
SPAL W Z W Z W W W W W
SSTP W Z W Z W Z Z W
SVE W Z W Z W Z Z W
Proteins are split into 5 groups based on function as in [48]. W—likely one to one ortholog with the C. elegans gene. X—many to one ortholog with multiple C. elegans
genes having a single ortholog in Strongyloides. Y—one to many ortholog with a single C. elegans gene having multiple orthologs in Strongyloides. Z—many to many
ortholog between C. elegans and Strongyloides. Species key–SRAE (S. ratti), SPAL (S. papillosus), SSTP (S. stercoralis) and SVE (S. venezuelensis). The full amino acid
sequences for each of the DAF-12 proteins can be found in S1 Fig.
https://doi.org/10.1371/journal.ppat.1007705.t001
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and Strongyloides venezuelensis (S. venezuelensis)), we found orthologs for between 29 and 31
of the individual 49 C. elegans genes searched for. Orthologs of 28 genes are present in all four
species. This is similar to the numbers described for other parasitic nematode species [48]. For
the 3 proteins, rsd-3, sid-1 and sid-2 which are described in C. elegans as being vital for RNA
uptake and spreading [50, 51], Strongyloides spp., like other parasitic species in which RNAi
works, only have rsd-3 present [48]. All four genes (tsn-1, ain-1, vig-1 and ain-2) known to be
present in the RISC machinery [48] which is required for siRNA function, are present within
all of the Strongyloides genomes tested suggesting that the genus as whole may be susceptible
to RNAi. Strongyloides spp. also appear to have lost most of the mut family of genes with mut-2
only present in S. stercoralis. The loss of these genes, particularly mut-16 may explain why the
26G RNAs have not been observed within Strongyloides [49, 52]. Full sequences for all of the
RNAi proteins in Strongyloides can be found in S1 Table and S1 Fig.
Strongyloides spp. have a daf-12 one to one ortholog
We used both the whole C. elegans daf-12 gene, and the heavily conserved DNA-binding
domain [27, 53, 54] for tblastn/blastp searching the available Strongyloides spp. genomes [34].
In each of the four species we identified exactly one gene containing both the DNA binding
domain (DBD) and the ligand binding domain (LBD) (SRAE_0000032100 [S. ratti] (e-value
2.1E-99 compared to 5.4E-30 for 2nd best gene), SPAL_0001591300 [S. papillosus] (e-value
9.0E-97), SSTP_0001172300 [S. stercoralis] (e-value 4.2E-95) and SVE_0996600 [S. venezuelen-
sis] (e-value 4.6E-93) (full sequences in S2 Fig). In reverse BLAST searches all these sequences
identified daf-12 as their closest C. elegans homolog with a large margin (i.e. 6.3E-73 versus
1.1E-29 for the second best gene for S. ratti). The S. stercoralis gene identified is the gene previ-
ously described by [27]. In the DBD, the amino acid sequences of the four Strongyloides spp.
genes are extremely highly conserved among themselves (100% identity) and compared with
C. elegans (96% identity). The LBDs of the Strongyloides genes are also very similar (>99%
identity) but, the conservation compared with C. elegans is lower (42% identity) (Fig 1A).
From this we concluded that the Strongyloides genes and C. elegans daf-12 are most likely one
to one orthologs and we proceeded to knock down SRAE_0000032100 in S. ratti. From here
on, we will refer to this gene as Sra-daf-12.
RNAi mediated suppression of genes within S. ratti
In order to study the function of daf-12 natively within S. ratti, Sra-daf-12 was disrupted by
RNAi soaking. To this end, first a protocol had to be devised in order to get RNAi to work
within S. ratti. Based upon prior knowledge gained from profiling the RNAi pathway proteins,
we developed a protocol for RNAi by soaking using siRNAs starting from a published protocol
for Brugia malayi [45], another parasitic but phylogenetically distant nematode. By systemati-
cally varying the soaking medium, duration of soaking, addition of pharyngeal pump-inducing
compounds, age of larvae used in experiment and soaking temperature, we developed the two
protocols (“Early-stage” and “Late-stage”) described in Materials and Methods.
To determine if soaking length had a significant effect upon RNAi, larvae were soaked
using the “Late-stage” protocol for upto 4 days, with the relative expression of daf-12 deter-
mined every 24 hours. As seen in Fig 2A, 48 hours is sufficient time to achieve a statistically
significant reduction of over two-thirds in expression (relative expression level 0.31 ± 0.06
(p<0.0001)). As a result, all experiments in this paper used a minimum soaking time of 48
hours and upto a maximum of 96 hours.
As seen in Fig 2B, expression of daf-12 could be reduced strongly using both the “Early-
stage” (0.28 ± 0.19 (p<0.0001)) and “Late-stage” (0.22 ± 0.18 (p<0.0001)) soaking protocols.
daf-12 RNAi in S. ratti
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007705 March 29, 2019 5 / 25
Fig 1. daf-12 homologs in four species of Strongyloides. A) Schematic representation of the DAF-12 proteins. Amino acid identities with C. elegans are
given for the DNA binding domain (DBD) and for the ligand binding domain (LBD). The species prefixes are Sra S. ratti, Spa S. papillosus, Sst S. stercoralis
daf-12 RNAi in S. ratti
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Decreased expression of daf-12 in RNAi treated worms compared with worms treated with a
scrambled siRNA (control) was determined by qRT-PCR. This suggests that the method is
effective across different life stages meaning genes of interest can be studied across the entire
free living part of the life cycle.
Following successful RNAi of daf-12, to further evaluate the method we knocked down
a further two genes (msp[major sperm protein] and daf-7) using the “Late-stage” soaking
protocol and compared by qRT-PCR the respective mRNA in soaked larvae treated with
either a targeted siRNA or a scrambled siRNA (control). MSP is actually encoded by sev-
eral very similar genes, all of which contain the targeted sequence element. For normaliza-
tion we used the reference genes tbb-1, rpl-37 and gpd-2 [55]. The list of siRNA sequences
used in this study can be found in Table 2 and the list of primers used can be found in S2
Table. As seen in Fig 2C, expression of the targeted gene was consistently decreased in
both daf-12 (0.22 ± 0.17 (p<0.0001)) and daf-7 (0.31 ± 0.23 (p<0.001)). Expression could
not be determined for msp because of the complete death of all worms and offspring
treated with a msp-targeting siRNA. Based on C. elegans msp loss of function this lethality
was actually the expected phenotype [56]. The fact that our method worked for three out
of three cases tested confirms that the method is robust and functions across a wider-range
of genes.
Finally, to determine off-target effects, all genes containing a sequence of 13 nucleotides or
more identical to the siRNA had their relative expression level determined (Fig 2D). As seen in
Fig 2D, minimal inconsistent changes in the mRNA levels of these genes were seen with either
of the siRNAs. This suggests that the knock down was specific and that the phenotypic changes
seen in the treated worms are unlikely to be the result of off-target effects but rather are the
consequence of the knockdown of the gene of interest.
This flexibility in soaking stage, lack of off-target effects and the ability of study a wide vari-
ety of genes, makes RNAi potentially a highly suitable and effective tool for research in S. ratti.
Suppression of daf-12 prevents direct development to L3i
As outlined in the introduction, when female larvae exit the host in Strongyloides, they have
a choice between either undergoing direct development and developing into L3i, or alterna-
tively undergoing indirect development with the aforementioned sexual reproduction out-
side of the host. The exact proportion of larvae which undergo direct development depends
on both the strain and species of Strongyloides as well as environmental factors such as the
host immune status and external conditions. For two species of Strongyloides (S. stercoralis
[27] and S. papillosus [5]) treatment with DA prevented the formation of L3i and re-
directed the development towards the indirect cycle. If DA indeed acted by inactivating the
L3i promoting action of Sra-DAF-12, knocking down Sra-daf-12 should result in the sup-
pression of L3i formation. To test this young L1 larvae were treated with siRNA ("Early-
stage", full details in methods) and the number which then underwent direct development
were counted and compared to those which underwent normal development. daf-12(RNAi)
larvae were highly statistically significantly impaired in their ability to form direct L3i (Fig
3) with only 1.67% ± 0.94 undergoing direct development compared to 12.67% ± 2.19 in the
control (p<0.0001).
and Sve S. venezuelensis. B) Gene models of the daf-12 homologs in Strongyloides. spp. Notice that, daf-12 within S. ratti, S. stercoralis and S. venezuelensis all
have a large intron between their first and second exons unlike S. papillosus which lacks this feature. However the size of the S. papillosus protein (719 amino
acids) is still similar to that of S. ratti (749 amino acids). The labels are the gene identifiers according to WormBase ParaSite (https://parasite.wormbase.org/
index.html) containing the species codes SRAE S. ratti, SPAL S. papillosus, SSTP S. stercoralis and SVE S. venezuelensis. Scale bar = 100bp.
https://doi.org/10.1371/journal.ppat.1007705.g001
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Suppression of daf-12 has a minor effect on fecundity in S. ratti
To determine whether Sra-daf-12 would affect fecundity, as is the case in C. elegans [19, 22],
we knocked down the gene following the "Late-stage" procedure (see above and Materials and
Methods).
Adults which had been soaked in daf-12 targeting siRNAs (here on referred to as “daf-12
(RNAi)”) had a small but statistically significant reduction in number of eggs laid (18.04 ± 1.40
per worm in control to 16.45 ± 0.96 in daf-12(RNAi), p = 0.004) as seen in Fig 4. This suggests
that daf-12 in S. ratti may be involved in either reproductive development or alternatively in
the actual laying procedure. Examination of the vulva of 10 random individuals from both
treatments using high magnification (100X) DIC microscopy revealed no structural defects in
the egg laying machinery. Further, we found no difference in the number of eggs still present
in the worm (7.90 ± 1.10 in daf-12(RNAi) versus 7.50 ± 1.27 in control, p = 0.46), suggesting
that the observed difference was due to a slightly smaller number of eggs produced rather than
problems with egg laying.
daf-12(RNAi) progeny of free-living worms are still able to develop into L3i
albeit more slowly and in reduced numbers
As DA interfered with the development of the progeny of free-living adults to L3i in two other
species of Strongyloides [5, 26, 27], we asked if this was also the case in daf-12(RNAi). The
development of progeny of "Late-stage" adults (the larvae remained in RNA solution through-
out development) was recorded every 24 hours over a period of 5 days post-treatment. As can
be seen in Table 3, daf-12(RNAi) larvae were still able to develop into L3i but did so more
Fig 2. RNAi-mediated suppression within Strongyloides ratti. RNAi reduces expression of daf-12 with statistically significantly increased reduction in
daf-12 as length of soaking increases (relative gene expression of 0.51 ± 0.24 after 24 hours (p = 0.01), 0.32 ± 0.22 after 48 hours (p<0.001), 0.31 ± 0.06
after 72 hours (p = 0.01) and 0.11 ± 0.03 after 96 hours (p<0.001) (A), with both the “Early-stage” (relative gene expression 0.28 ± 0.19 (p<0.001)) and
“Late-stage” soaking protocols (relative gene expression 0.22 ± 0.18 (p<0.001)) (B) resulting in a reduction following 48 hours of soaking. The “Late-
stage” technique can be to achieve a statistically significant reduction in expression in both daf-7 (in grey) (relative gene expression 0.32 ± 0.23
(p<0.001)) and daf-12 (in black) (0.23 ± 0.17 (p<0.001)) (C), with minimal off-target effects detected across five genes with a similarity to an siRNA
targeting daf-12 in S. ratti over different time points (relative expression of SRAE_X000150100 was 1.14 ± 0.13 after 24 hours, 0.97 ± 0.16 after 48 hours,
0.94 ± 0.17 after 72 hours and 0.92 ± 0.15 after 96 hours. Relative expression of SRAE_1000103800 was 0.90 ± 0.15 after 24 hours, 0.94 ± 0.06 after 48
hours, 0.98 ± 0.14 after 72 hours and 1.07 ± 0.21 after 96 hours. Relative expression of SRAE_1000214100 was 0.94 ± 0.17 after 24 hours, 0.98 ± 0.14 after
48 hours, 0.96 ± 0.08 after 72 hours and 0.92 ± 0.16 after 96 hours. Relative expression of SRAE_2000402700 was 0.92 ± 0.15 after 24 hours, 1.07 ± 0.21
after 48 hours, 1.02 ± 0.15 after 72 hours and 0.95 ± 0.02 after 96 hours (no statistically significant reduction in any of genes at any of the time points))
(D). S. ratti larvae were soaked using either the “Early-stage” protocol (B) or “Late-stage” protocol (A-D) and then the relative expression level of the
targeted gene was determined using qRT-PCR compared to 3 control genes with a scrambled siRNA used as a control. Error bars represent standard
deviation. These figures show the mean value comprised of a minimum of 3 biological replicates with 3 technical replicates per biological replicate. Mann
Whitney U analysis was performed to determine statistical significance. � indicates a statistically significant difference (p-value�0.01 -�0.001), ��
indicates a highly statistically significant difference (p-value�0.001).
https://doi.org/10.1371/journal.ppat.1007705.g002
Table 2. List of siRNA sequences used in this study.
Targeted Gene Sequence (5’ to 3’)
daf-12 sense (UU) AGTTGATGGTCATTCACAA
antisense (UU) UUGUGAAUGACCAUCAACU
msp sense (UU) GACCUUCAGACGUGAAUGG
antisense (UU) CCAUUCACGUCUGAAGGUC
daf-7 sense (UU) UGAAAUGGUACAGACAAAU
antisense (UU) AUUUGUCUGUACCAUUUCA
Scrambled siRNA (negative control) sense (UU) AGGUAGUGUAAUCGCCUUG
antisense (UU) CAAGGCGAUUACACUACCU
https://doi.org/10.1371/journal.ppat.1007705.t002
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slowly with an apparent 24 hour delay in development compared to control worms. It took 3
days post-laying until the majority of the daf-12(RNAi) larvae that did develop all the way
through to L3i had reached this developmental stage while more than 65% of the control larvae
that developed to L3i had done so after two days. Further, statistically significantly less daf-12
(RNAi) larvae compared to control larvae successfully completed the developed to L3i (75.36%
± 13.09 versus 91.55% ± 5.59, p<0.0001). Taken together these results suggest that daf-12 does
have a role in the development of the progeny of the free-living generation to infective larvae
within S. ratti.
daf-12(RNAi) infective larvae are still able to infect rats
In order to test if the daf-12(RNAi) larvae that were successful in developing into morphologi-
cally normal looking L3i were functional and able to establish an infection in a new host, 100
daf-12(RNAi) L3i were injected subcutaneously into a rat and the infection allowed to develop
for 7 days, after which the feces was collected daily and incubated at 19˚C for 7 days to allow
for new L3i to develop. These L3i were counted and used as a measure for the productivity of
the infection. As a control, 100 L3i which had been treated using a scrambled siRNA were also
injected subcutaneously into a separate rat and the same procedures followed (full details in
methods, two independent replicates were done). As can be seen in Fig 5, in two independent
experiments daf-12(RNAi) L3i (shown in black) were still able to develop an infection within a
Fig 3. Suppression of daf-12 significantly reduces the ability of worms to undergo direct development to infective larvae. Young worms were soaked with
an siRNA targeting daf-12 (daf-12(RNAi)) or a scrambled siRNA (control), and the proportion of females which developed to infective larvae after 3 days was
determined. Males were excluded from this analysis as they cannot undergo direct development. Error bars represent standard deviation. This figure shows the
mean value comprised from 3 biological replicates with 4 technical replicates per biological replicate. Mann Whitney U analysis was performed to determine
statistical analysis. �� indicates a highly statistically significant p-value of less than 0.001 (p<0.0001).
https://doi.org/10.1371/journal.ppat.1007705.g003
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rat, however one with a statistically significantly reduced productivity compared to the control
L3i (p<0.0001). Knockdown of daf-12 caused a reduced peak in worm production (average of
275 larvae after 7 days compared to 900 in the control) and the length of infection was also
Fig 4. daf-12(RNAi) free-living adults lay slightly but significantly less embryos than control adults. Following soaking (“Late-stage” protocol) with
either a scrambled siRNA (control) or daf-12 targeting siRNA (daf-12(RNAi)), free living adults were recovered on plates and the number of embryos
they laid counted. Error bars represent standard deviation. This experiment was repeated three times. The bars represent a mean calculated from all
three biological replicates. Student’s t-test was performed to determine statistical significance. � indicates a statistically significant p-value between 0.01
and 0.001 (p = 0.004).
https://doi.org/10.1371/journal.ppat.1007705.g004
Table 3. daf-12(RNAi) L3i develop more slowly and in fewer numbers than control L3i.
Day 1 Day 2 Day 3 Day 4 Day 5
daf-12 (RNAi) L3i on each day (%) 7.41 ± 3.97 6.17 ± 3.48 39.37 ± 11.84 19.91 ± 5.76 2.49 ± 2.00










Control L3i on each day (%) 10.13 ± 1.77 54.75 ± 5.15 17.77 ± 4.72 7.69 ± 3.46 1.21 ± 1.50
Control L3i cumulative (%) 10.13 ± 1.77 64.88 ± 4.90 82.65 ± 7.73 90.33 ± 5.80 91.55 ± 5.59
% of larvae, which had developed to L3i at the day indicated. The numbers shown are the means of three independent replicates plus/minus the standard deviation. Per
replicate at least 180 individual larvae were followed. Statistical analysis (Mann-Whitney U) to compare daf-12 (RNAi) and control larvae cumulatively every 24 hours
was performed. ns indicates a not statistically significant value (p-value >0.01), � indicates a statistically significantly value (p-value between 0.01 and 0.001), �� indicates
a highly statistically significant value (p-value <0.001)
https://doi.org/10.1371/journal.ppat.1007705.t003
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slightly reduced, with no worms being seen in fecal cultures after 17 days post-infection com-
pared to control larvae infection in which worms could still be seen on 19 days post-infection.
Suppression of daf-12 affects metabolism within S. ratti
In C. elegans, DA application leads to increased aerobic fat metabolism [16]. In the same publica-
tion the authors also demonstrated that exogenous DA lead to an increase in expression of genes
involved in aerobic triglyceride metabolism and a lower expression of genes involved in anaerobic
metabolism in S. stercoralis. To determine whether Sra-daf-12 is involved in fat utilization, levels
of triglycerides stored within the worms were determined and compared to levels of free glycerol
(Fig 6A). Whilst free glycerol levels were similar between both daf-12(RNAi) and control larvae,
there was a statistically significant reduction in triglycerides stored in daf-12(RNAi) larvae
(0.011 ± 0.001 compared to 0.022 ± 0.002 in control, p<0.0001). To further examine this potential
shift between aerobic and anaerobic metabolism, two genes known to be involved in aerobic
metabolism (acs-3 and acbp-3) and two genes known to be involved in anaerobic metabolism
(ech-8 and acox-3) had their relative expression levels determined by qRT-PCR (Fig 6B and 6C).
acs-3 was strongly statistically significantly downregulated (to 0.047 ± 0.029 compared to the con-
trol, p<0.001). For acbp-3 we measured a reduction to 0.523 ± 0.259, but this was not statistically
significant (p = 0.057). Similarly, both anaerobic metabolism genes were highly significantly upre-
gulated in daf-12(RNAi) larvae (Fig 6C) compared to the control (5.719 ± 3.006 to 1 enrichment
Fig 5. The daf-12(RNAi) larvae that do develop into L3i (black) are able to infect rats when injected subcutaneously but cause significantly less
productive infections than control (scrambled siRNA) L3i (white). Approximate worm burden in the feces (as a proxi for the capacity of causing a new
infection) was determined by counting the L3i present in fecal cultures after 7 days incubation at 19˚C. Fecal cultures were collected daily starting from 7 days
post-infection. Error bars represent standard deviation. This experiment was carried out twice. Student’s t-test was performed to determine statistical
significance. �� indicates a highly statistically significant difference (p-value<0.001) between the daf-12(RNAi) and control infections (p<0.0001).
https://doi.org/10.1371/journal.ppat.1007705.g005
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in ech-8 (p = 0.001) and 13.349 ± 6.776 to 1 in acox-3 (p<0.001)). These results, together with [16]
strongly suggest that in Strongyloides spp., as in C. elegans, ligand bound DAF-12 promotes aero-
bic and suppresses anaerobic metabolism.
daf-12(RNAi) are less tolerant to heat stress
Different daf-12 mutations are known to result in different responses to heat stress in C. ele-
gans [22]. To test whether daf-12 also played a role in thermotolerance in S. ratti, daf-12
(RNAi) and control worms were subjected to different temperatures between 12˚C and 37˚C
48 hours after initiating soaking at 19˚C (“Early-stage” Protocol). The percentage that perished
was used as an indicator of their tolerance to these temperatures (Fig 7). daf-12(RNAi) worms
were significantly less tolerant to all temperatures outside of their optimum (23˚C) compared
to control. Also at colder temperatures there was a statistically significantly increase in nema-
tode death between daf-12(RNAi) and control (21.83% ± 6.00 in daf-12(RNAi) at 12˚C com-
pared to 14.50% ± 4.91 (p = 0.003)). Interestingly at 19˚C, the survival was lower than at 23˚C
despite the fact that S. ratti isolate used had normally been maintained at 19˚C and that the
soaking experiment had been initiated at 19˚C. At 28˚C daf-12(RNAi) worms had a statistically
highly significantly reduced survival rate (62.33% ± 7.38 dead in daf-12(RNAi) versus 21.92%
± 4.40 in control (p<0.001)). At 37˚C, the heat treatment was nearly completely lethal for both
nematode populations, yet still a few control worms (3.33%) but no daf-12(RNAi) worms sur-
vived. These results suggest that daf-12 is involved in thermotolerance within S. ratti and
might be involved in reacting to changes in their environment.
Discussion
RNAi in S. ratti
We found Strongyloides spp. to have homologs of many but not all C. elegans genes known to be
involved in RNAi as listed by [48]. The fact that we found essentially the same reduced set of
genes in all four species of Strongyloides examined suggests that the reduction in gene number
is real and not the consequence of incompleteness of the Strongyloides spp. genome assemblies.
The set of putative RNAi genes present in Strongyloides spp. is similar to those reported in [48]
for other parasitic nematodes in which RNAi works. The presence of all of the RISC protein
genes (tsn-1, ain-1, vig-1 and ain-2) and the absence of genes such as rsd-6, sid-1 or sid-2, all of
which are known to be involved in dsRNA uptake, may explain why, for successful RNAi, we
had to apply siRNAs rather than long double stranded RNAs as it is common in C. elegans.
Of interest is the lack of eri-family genes within Strongyloides spp. with only eri-1 and eri-7
present in all four genomes. These genes are known to be enhancers of RNAi [57]. The loss of
mut genes, in particular mut-16 in Strongyloides spp. may explain why the 26G RNAs were not
observed within Strongyloididae [49, 52].
Fig 6. Suppression of daf-12 within Strongyloides ratti results in multiple changes in metabolism. Triglyceride content is statistically
significantly reduced in daf-12(RNAi) larvae (black) than control larvae (white) following “Late-stage” soaking (A) (p-value<0.001).
Similarly, the aerobic metabolism genes acs-3 (p<0.001) and acbp-3 (p = 0.057) have decreased expression in daf-12 (RNAi) larvae (B),
while the anaerobic metabolism genes ech-8 (p = 0.001) and acox-3 (p<0.0001) are upregulated in daf-12 (RNAi) (C). To determine fatty
acid stores, total triglyceride and free glycerol were measured from worm lysates and are plotted against total protein in the sample. This
experiment was performed twice. To determine changes in gene expression, control larvae expression was normalized as 1 and fold
change was calculated using the ΔΔCt method (see Materials and Methods) to determine change in expression of the genes of interest.
Fold change shown is the mean fold change of the gene of interest compared to 3 control genes (tbb-1, gpd-2, rpl-37 [55]) taken from at
least 3 biological replicates with each biological replicate consisting of 3 technical replicates. Error bars represent standard deviation.
Mann Whitney U analysis was performed to determine statistical significance. ns indicates a not statistically significant difference (p-
value>0.01), � indicates a statistically significant difference (p-value�0.01 -�0.001), �� indicates a highly statistically significant
difference (p-value�0.001).
https://doi.org/10.1371/journal.ppat.1007705.g006
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Based on protocols described for B. malayi, we developed RNAi for S. ratti and demon-
strated that it works for three different genes and across several different life stages. Given that
three separate genes have been successfully suppressed with minimal off-target effects, we are
convinced that with this we can add a robust procedure for gene knock down to the current
toolbox in S. ratti. Although this toolbox has recently grown considerably [34, 35] we think our
addition is substantial. Obviously true mutations (for example those generated by CRISPR/
Cas9) do have advantages and are in many cases desirable. However, having the option of
knocking down gene functions by RNAi is very useful, in particular in S. ratti, where CRISPR/
Cas9 works much less efficiently than in S. stercoralis (35). S. ratti is an important model species,
Fig 7. daf-12(RNAi) worms (black) have decreased tolerance to temperature stress compared to control worms (white). L1 larvae were soaked with a
scrambled siRNA (control) or one targeting daf-12 (daf-12(RNAi)) and were then exposed to different temperatures for 4 hours, after which their survival was
determined. Worms maintained at 12 and 37˚C both had a statistically significant increase in death following temperature stress (p = 0.003 and p = 0.005).
Worms maintained at 15, 19 and 28˚C had a highly statistically significant increase in death following temperature stress (all p<0.001) whereas worms
maintained at 23˚C had no statistically significant difference in death (p = 0.083). Error bars represent standard deviation. The bars represent the mean
percentage of worms dead post-heat shock, calculated from three biological replicates, each containing four technical replicates. Mann Whitney U analysis was
performed to determine statistical significance. ns indicates a non-statistically significant difference (p-value>0.01), � indicates a statistically significant
difference (p-value�0.01 -�0.001), �� indicates a highly statistically significant difference (p-value�0.001).
https://doi.org/10.1371/journal.ppat.1007705.g007
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which, contrary to S. stercoralis, can be maintained easily in the laboratory in a natural rodent
host. Further, every mutant line must be maintained and this, for an obligatory parasite like S.
ratti, requires a substantial number of laboratory animals and is laborious and expensive. We
showed that our protocol allows the analysis of gene functions at different stages of the part of
the life cycle that occurs outside of the host without the need of a host passage. How long the
RNAi effect persists in larvae after the infection of a host remains to be determined.
Phenotypic analysis of daf-12(RNAi) in S. ratti
daf-12 knockdown severely inhibited the formation of L3i of the direct cycle as has been
described for DA in S. papillosus [5] and S. stercoralis [27]. However, the suppression of daf-12
did not cause the progeny of the free-living generation to form a second free-living generation
as it had been observed upon DA addition in S. papillosus [5]. Our results are more compara-
ble with the DA results in S. stercoralis where the switch of the developmental trajectory was
less complete. We found, that daf-12(RNAi) progeny of the free-living generation develop
slower and in part never complete their differentiation to L3i and those that do reach this
stage, although still capable of infecting a host, cause less productive infections. These findings
may, but not necessarily do, reflect a partial redirection of development towards non-parasitic
L3. It is likely that it is much more difficult to redirect progeny of the free-living generation,
which normally all develop into L3i, towards free-living than the progeny of the parasitic gen-
eration for which the switch between the two life cycles is normal. As expected, we found Sra-
daf-12 to be involved in the switch between aerobic and anaerobic metabolism. It should be
noticed that the effect of knocking down daf-12 was the same as DA treatment as far as the
direct—indirect life cycle switch is concerned but the opposite with respect to the control of
genes associated with aerobic to anaerobic metabolism. This confirms that the promotion of
the dauer/L3i development is a function of the ligand free- DAF-12 and is inhibited by ligand
binding and hence, exogenous DA [5, 27] or depletion of DAF-12 lead to the absence of L3i.
On the other hand, promoting aerobic fat usage is achieved by the ligand bound receptor and
is therefore enhanced by DA addition [16] but inhibited by daf-12(RNAi). The loss of thermo-
tolerance is also of high importance as these larvae are required by their life cycle to survive
and reproduce within the wild at a wide variety of temperatures.
With the RNAi protocol presented, we added a new tool to study gene function in S. ratti.
Using this tool we showed that daf-12 is an important gene in S. ratti for the control of essen-
tially the same various developmental and metabolic processes as in C. elegans. Our results are
in full agreement with the hypothesis that the pharmacological effects caused by DA in Stron-
gyloides spp. described before [5, 16, 26, 27] involved DAF-12, as suspected but not demon-
strated by the authors of these publications and argue for a highly conserved function of daf-12
in various, only distantly related nematodes. This supports that indeed daf-12 is a viable target
for the development of new target specific antihelminthic drugs. The experiments with DA
[23, 27] showed that it is possible to change the developmental pathway of Strongyloides spp.
larvae away from differentiating into infective larvae by the administration of small organic
molecules (dafachronic acid) both, in and outside of the host. Based on the knowledge of the
structure of S. stercoralis DAF-12, other inhibitory molecules with optimized pharmacological
properties can now be developed.
Materials and methods
Ethics statement
Animal care and use adhered to the German Animal Protection Law (Tierschutzgesetz), the Ger-
man Animal Protection Laboratory Animal Ordinance (Tierschutz-Versuchstierverordnung) and
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EU Directive 2010/63/EU on the protection of animals used for scientific purposes. The proce-
dures for animal maintenance and experiments were ethically and administratively approved by
the local govermental authorities in charge (Regierungspra¨sidium Tu¨bingen), who also issued the
necessary permits (AZ35/9185.82–5). The animals were kept in an in-house facility, which is regu-
larly inspected by the local veterinary authorities (Veterina¨ramt Tu¨bingen). No experiments on
human subjects were conducted in this study.
Maintenance of Strongyloides ratti
The laboratory strain of Strongyloides ratti strain ED321 [58] was used for these experiments.
S. ratti was kept in our in-house animal facility in female Wistar rats (Charles River Inc). Four
week old female rats were injected subcutaneously with around 800 infective larvae each. 7
days post-infection, their feces was collected by placing the infected animals overnight in a
cage with a metal grid bottom, lined with wetted paper at 23˚C. The following morning, the
feces were collected and cultured in watch glasses in an incubator at 19˚C as described in [59].
2 days post-collection, the feces were removed from the incubator and the worms were isolated
from the cultures using a Baermann funnel as described in [60]. Briefly, fecal materials was
wrapped in Linsoft paper and placed in a funnel closed at the bottom with a clamp and filled
with tap water, and placed back into the incubator for 2 hours. Following this, the worms that
had accumulated at the bottom were removed by briefly opening the clamp and then cleaned.
For the experiments that required the use of first or second stage larvae, feces were used within
12 hours of being collected and the worms then isolated the same way.
BLAST analysis of the Strongyloides spp. RNAi pathway
Proteins known to be involved in RNAi in Caenorhabditis elegans [48] were retrieved from
WormBase Parasite (wormbase.org: Version WBPS11) and used as queries for protein BLASTs
(BLASTp) and translated nucleotide BLASTs (tBLASTn) against the Strongyloides genomes
currently listed on WormBase Parasite (parasitewormbase.org: release WBPS11 (WS265):
Strongyloides ratti (PRJEB125), Strongyloides papillosus (PRJEB525), Strongyloides stercoralis
(PRJEB528), Strongyloides venezuelensis (PRJEB530)). To determine whether a protein was
present in each Strongyloididae genome, a similar strategy to that in [48] was implemented.
After aligning with BLASTp and tBLASTn against the protein of interest, only proteins with
an E-value of less than 0.0001 were carried forward. The protein was then searched for in the
C. elegans genome using tBLASTn and for proteins with a minimal alignment score of 40 bits
and an E-value of less than 0.0001, domain structure was analyzed using InterProScan (https://
www.ebi.ac.uk/interpro/). If a protein had the same domains as the original C. elegans protein,
then it was considered to be the reciprocal protein. The full list of proteins in Strongyloides
genomes can be found in S1 Table and their sequences can be found in S1 Fig.
Identification of the daf-12 homolog in S. ratti and other species of
Strongyloides
The daf-12 homolog in S. ratti (SRAE_0000032100) was identified through protein BLAST
(BLASTp) and translated nucleotide BLAST (tBLASTn) against the whole C. elegans daf-12
protein and DNA-binding domain (DBD) specifically. All genes with a e-value of 0.0001 were
carried forward and reverse searched for in the C. elegans genome by tBLASTn. Only those
which produced daf-12 as a likely hit were advanced forward and their domains were then
determined using InterProScan. Only genes which contained the same domains as the C. ele-
gans daf-12 were carried forward. This revealed a single gene (SRAE_0000032100), which is
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considered to be the 1 to 1 ortholog of daf-12 within S. ratti. The daf-12 homologs of S. stercor-
alis, S. papillosus and S. venezuelensis were identified following the same strategy.
siRNA design and synthesis
Each exon of Sr-daf-12 was examined both manually and with the siDESIGN center (Dharma-
con). Only sequences with a level of predicted on-target activity (>85%) and with no required
modifications were considered. All potential sequences were then searched within the S. ratti
genome using both nucleotide BLAST (BLASTn) and translated nucleotide BLAST (BLASTx)
under normal parameters. Sequences with multiple alignments (>3 alignments) greater than
12 amino acids in length were discarded. The remain sequences with the highest predicted on-
target activity were then ordered from and synthesized by Eurofins Genomics using the siR-
NAmax system. This system involves the use of a 19 nucleotide duplex with a 2 UU overhang
on the 5’ end of both the sense and antisense strands. The list of siRNAs ordered can be found
in Table 2.
“Early-stage” Soaking of S. ratti with siRNAs
For “Early-stage” soaking experiments, L1 larvae were isolated from fecal culture by Baermann
funnel and cleaned repeatedly with water. Worms were then transferred into RNAi culture
medium (DMEM (Gibco), Octopamine 20mM (Sigma Aldrich), RNase OUT (Invitrogen)
40U/100μl) in a sterile Eppendorf tube, to which 10mM siRNA was added. The tubes were
then incubated at 19˚C for upto 3 days, following which the tubes were removed from the
Incubator and briefly centrifuged at 1000g for 3 minutes to collect the worms at the bottom of
the tube. The worms were then transferred onto a dry V12 agar plate [60] without any bacteria
and examined for any visual phenotypic changes. Half the larvae were transferred into TRIzol
(ThermoFisher) for RNA extraction, whilst the other half remained on the plate for use in fur-
ther experiments.
“Late-stage” Soaking of S. ratti with siRNAs
For the majority of experiments, 2 day old larvae (containing a mix of L3, L4 and free-living
adults) were extracted from fecal culture by Baermann funnel and cleaned repeatedly with
water. Worms were then transferred onto dry NGM [61] or V12 agar [60] without any bacte-
ria. A modified protocol from [45] was developed to generate RNAi in S. ratti. Worms were
then picked into the RNAi culture medium (DMEM (Gibco), Octopamine 20mM (Sigma
Aldrich), RNase OUT (Invitrogen) 40U/100μl) in a clean Eppendorf tube, to which 10mM
siRNA was added. The tubes were incubated at 19˚C for upto 4 days, following which the
tubes were removed from the Incubator and briefly centrifuged at 1000g for 3 minutes to col-
lect the worms at the bottom of the tube. The worms were then transferred onto a dry V12
agar plate [60] without any bacteria and examined for any visual phenotypic changes. Half the
larvae were transferred into TRIzol (ThermoFisher) for RNA extraction, whilst the other half
remained on the plate for use in further experiments.
RNA extraction, cDNA Synthesis and qRT-PCR
Nematodes (minimum of 10, maximum of 20) were isolated from plates post-soaking and
transferred into TRIzol and instantly frozen in liquid nitrogen. The TRIzol/nematode mix was
then frozen and thawed three times (with vortexing between freezing) using liquid nitrogen to
ensure the cuticle of the worm was disrupted. After the addition of chloroform and centrifuga-
tion, the aqueous layer was transferred into a sterile Eppendorf tube and the RNA extracted
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from this layer using the RNA Clean & Concentrator-25 Kit (Zymo Research). RNA concen-
tration and purity was then assessed using NanoDrop and the RNA then frozen at -80˚C until
needed. cDNA synthesis was then carried out using qScript XLT (Quantabio) as per the manu-
facturer’s protocol. As this kit has the reverse transcriptase already mixed into the buffer, half
the RNA sample was retained for use as a negative control against DNA contamination. Fol-
lowing cDNA synthesis, expression level of daf-12 along with three reference genes (tbb-1,
gpd-2, rpl-37 [55]) was determined by qRT-PCR using the Light Cycler 480 SYBR Green I
Master Mix (Roche) on a LightCycler 480 II (Roche) machine. Briefly, 5μl of 2x Buffer was
mixed with 1ul of each primer, 1μl of cDNA (diluted 1:10 in 1x TE buffer) and 2μl H2O and
run according to the following protocol: Pre-incubation 95˚C for 5 minutes, Amplification
95˚C for 10 seconds, 57˚C for 30 seconds, 72˚C for 20 seconds, 40 cycles, Melting Curve 95˚C
for 5 seconds, 65˚C for 1 minute, 97˚C continuous, Cooling 40˚C for 30 seconds. Amplifica-
tion efficiency was evaluated for each primer pair by running dilution series in six technical
replicates (S2 Table). All efficiencies were very close to the expected doubling per round of
PCR which translates into a Ct difference of 3.32 for a 10 fold increase. Given this result and
that we only compared the same amplicons in different treatments and made not quantitative
comparisons of different genes (amplicons) we found it acceptable to use the 2-ΔΔCt method
[62]. The relative expressions and fold changes between treatments were calculated separately
for each of the three reference genes. The fold changes shown in the figures are the mean val-
ues of the three measurements. The full list of primers used in this study can be found in S3
Table.
Fecundity of soaked larvae
L3 worms were isolated as per the “Late-stage” soaking procedure above. After transferring the
worms to a dry V12 agar plate without bacteria [60], females were then picked in groups of 10
onto V12 plates with a lawn of HB101. Every 24 hours for the next 96 hours post-transfer, the
number of embryos laid was counted with embryos removed from the plate to avoid being
counted twice.
Developmental timing and infectivity of soaked larvae
L3/L4 worms were isolated and treated as per the “Late-stage” soaking procedure above. Fol-
lowing 48 hours of soaking, worms were transferred to a V12 agar plate [60] with a lawn of
HB101 bacteria. Every 24 hours, all hatched larvae were examined and the total number of L3i
was counted. Whether a larva had become a L3i was based upon morphology and whether the
worm appeared to have ceased pumping. The L3i were then picked from the plate and stored
in PBS at 19˚C.
To test whether daf-12(RNAi) L3i were still able to infect rats, 100 daf-12(RNAi) L3i (also
generated using the “Late-stage” soaking procedure) were injected subcutaneously into a rat.
As a control, 100 scrambled siRNA treated L3i were injected subcutaneously into a separate
rat. After 7 days incubation, the rat feces was collected daily overnight and incubated at 19˚C
as described above. The infective larvae were then collected from the water surrounding the
feces and counted manually.
daf-12 RNAi effect upon direct development within S. ratti
L1 larvae were isolated from freshly collected rat feces and cleaned. Worms were then incu-
bated using the “Early-stage” soaking procedure. Following treatment, the worm pellet was
spun down in a centrifuge and pipetted onto a dry V12 agar plate without bacteria [60]. The
total number of worms that had then undergone direct development to L3i and the number
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that had undergone indirect development to free-living adults were counted. Males were dis-
carded from the analysis as it is not possible for them to undergo the direct development cycle.
Measurement of fatty acid storage in S. ratti
L3/L4 larvae were isolated from rat feces and isolated using the Baermann funnel technique.
Following cleaning with PBS, worms were soaked using the “Late-stage” soaking procedure.
Following 48 hours soaking, the infective larvae produced were isolated into PBS and concen-
trated into a small volume by centrifugation. Once at a volume of 20μL or less, the worm pellet
was frozen in liquid nitrogen and then sonicated using a Banderon Sonorex 100RH for 45
minutes. Following sonication, free glycerol and triglyceride levels were determined using the
Serum Triglyceride Determination Kit (Sigma) according to the manufacturers protocol. To
determine total protein concentration as a standard, protein concentration was calculated
using DotBlot [63] against a BSA standard.
Differential expression of Aerobic and Anaerobic Metabolism Genes by
qRT-PCR
L3/L4 larvae were isolated from rat feces and isolated using the Baermann funnel technique
and then treated using the “Late-stage” soaking procedure. Following 48 hours soaking, the
infective larvae produced were isolated into PBS and concentrated into a small volume by cen-
trifugation. The worm pellet was transferred into TRIzol and frozen in liquid nitrogen. RNA
extraction, cDNA synthesis and qRT-PCR were performed as explained above. To measure
aerobic metabolism, acs-3 and acbp-3 expression levels were measured. To measure anaerobic
metabolism, ech-8 and acox-3 expression levels were measured. As a reference, expression of
tbb-1, rpl-37 and gpd-2 [55] was measured. To determine the difference in expression between
daf-12(RNAi) and control larvae, fold change for each reference gene was calculated as accord-
ing [62]. The mean fold change of these three reference genes was then calculated. To account
for DNA contamination, raw RNA was included in the qRT-PCR.
Heat Treatment of soaked larvae
L1 larvae were isolated from rat feces using the Baermann funnel technique and then treated
using the “Early-stage” soaking procedure. Following 3 days soaking, the worm pellet was col-
lected by briefly centrifuging and then transferred to a V12 plate [60] with a lawn of HB101.
Free-living adults were then picked in groups of 20 onto new plates. Plates were then incubated
at either 12, 15, 19, 23, 28 or 37˚C for 4 hours. After 4 hours, the plates were examined and the
number of alive larvae counted. For each temperature, 3 technical replicates and 3 biological
replicates were carried out.
Data analysis
For all experiments, statistical analysis (student’s t-test or Mann-Whitney U) was carried out
and figures were generated using Excel and Adobe Illustrator. Which test was used for each
experiment is indicated in the corresponding figure legend. Statistical probabilities were con-
sidered significant once below 0.01.
Supporting information
S1 Table. Table of genes involved in RNAi in Strongyloididae based known C. elegans
RNAi protein machinery.
(PDF)
daf-12 RNAi in S. ratti
PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007705 March 29, 2019 20 / 25
S2 Table. Amplification efficiency calculations used for qRT-PCR.
(DOCX)
S3 Table. List of primer sequences used for qRT-PCR.
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